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In computing i t  sometimes happens th a t a person w i l l  want to  
use a program th a t i s  w ritten  in  a language th a t i s  not implemented 
by the in s ta l la t io n  he u ses . In such circum stances an a d d itio n a l 
program, a tr a n s la to r , wnicn could tr a n s la te  tne d esired  program 
in to  a language acceptable to  tne u se r ’s in s t a l la t io n  would be u s e fu l .  
However, because o f e s s e n t ia l d iffere n c es  between tne two languages, 
i t  i s  p o ssib le  th a t the tra n sla to r  w i l l  not be able to  tr a n s la te  a l l  
of the o r ig in a l program.
This report describes the author's con tr ib u tion  to  a p roject  
aimed towards the developm ent o f  a tr a n s la to r  th at could  
sy stem atica lly  tr a n s la te  a program defined  in  the IMP language in to  
one defined in  PL/1} the im plied in te n tio n  being th a t th e  IMP source  
program and tne tran sla ted  PL/1 program w i l l  have in  genera l the  
same e f fe c t  upon tn e ir  computational environment, when run under the  
contro l o f an IBM system/960 operating system .
L/IP i s  a language developed from ATLAS AUTOCODE. The p a rticu la r  
implementation o f  IMP considered here i s  th a t supported by the  
Edinburgh Regional Computing Centre ( h erea fter  referred  to  as the  
E.R.C.C. ) .  To the author's Xnowledge, IMP i s  only supported at 
two other in s ta l la t io n s  w ith in  Great B r ita in . In tne United S ta te s  
Irons ( Irons 70 ) nas described h is  experiences w ith a language 
c a lle d  IMP. Although th is  language has many o f  the general p ro p erties  
of E.R.C.C. IMP, i t  would appear to  be defined  in  a su b s ta n tia lly
d iffe r e n t  manner.
The E.R.C.C. have w ritten  much o f  th e ir  softw are in  IMP and i t  
i s  hoped th a t , w ith th e  proving o f  t h is  tr a n s la to r , th is  softw are  
w il l  he o f  in te r e s t  to  other computing cen tres or programmers who 
have access to  an IBM, PL/1 com piler.
The f e a s ib i l i t y  o f  the IMP-to-PL/1 tr a n s la to r  was o r ig in a lly  
in v e s tig a te d  by T. Nonweiler ( Non 72 ) who concluded th a t cer ta in  
fea tu res  o f  IMP would not be tr a n s la te d  because they were d i f f i c u l t  
to  sim ulate in  PL/1. The E.R.C.C. have w ritten  com pilers fo r  two 
forms o f IMP, known as IMP(AA) and IMP(SYo); IMP(AA) being a subset 
o f IMP(SYS). Tne tr a n s la to r  accepts a l l  programs w ritten  in  IMP(AA) 
but may r e je c t  programs using the language ex ten sio n s o f  IMP(SYS).
In add ition  Nonweiler drew up a s e t  o f  r u le s  by which an in tern a l 
rep resen ta tion  o f a r e s tr ic te d  form o f  IMP(SYS) c a lle d  IMP(INT) could  
be tra n s la ted  d ir e c t ly  in to  PL/1.
I t  remained th e author's r e s p o n s ib ili ty  to  w rite  a program to  
tr a n s la te  IMP te x t  in to  te x t  defined  in  IMP(INT) form; th e  IMP te x t  
having already been passed through a le x ic a l  scanner ( see  Appendix 1 
This involved  a b a s ic a lly  co n te x t-fr e e  syntax a n a ly s is  fo llow ed  by a 
c o n te x t -s e n s it iv e  syntax a n a ly s is  and th e sim ultaneous con stru ction  
o f symbol ta b le s .
1.2 RELEVANT LITERATURE
For reasons th at are given  in  the next s e c t io n , i t  was decided  
th a t the tr a n s la tio n  from IMP-to-PL/1 should he co n tro lled  by an 
automatic syntax analyser.
Papers such as th ose  by Mulholland ( Mul 69 ) > McEwan ( McE 67 ) 
and the systems guide to  th e  ALGOL-to-PL/1 tr a n s la to r  ( IBM 68a ) 
d escrib e languege-to-language tr a n s la to r s  which are designed in  a 
much le s s  formal way; th e tr a n s la t io n  being performed in  a mostly 
ad-hoc manner. T herefore, th ese  papers were o f  only s u p e r f ic ia l  
in te r e s t  in  the design o f  the tr a n s la to r  considered  h ere, though i t  
was u se fu l to  compare the performance f ig u r e s  o f  the ALGOL-to-PL/1 
tr a n s la to r  with th ose o f the IMP-to-PL/1 one.
I t  can be noted too th a t the IMP-to-PL/1 tr a n s la to r  required  
more a n a ly s is  o f the source language ( IMP ) than any o f  th ose  
mentioned above.
A compiler i s  a p a rticu la r  type o f  tra n s la to rs  i t  tr a n s la te s  
a h ig h - le v e l language in to  the assembly language or machine language 
o f a d ig i t a l  computer. Compilers are thus in te g r a l parts o f  most 
modem computing systems and th ere  has been a considerab le amount 
o f l i t e r a tu r e  not only d escr ib in g  p a r ticu la r  com pilers but a lso  
methods by which the w ritin g  o f  com pilers and tr a n s la to r s  in  general 
may be automated. I t  was th is  l i t e r a tu r e  th a t was consu lted  mostly 
in  tn e  design  o f  the IMP-to-PL/1 tr a n s la to r .
G ries and Feldman ( G ries 68 ) have w ritten  a good review o f  
e f fo r t s  to  automate th e w ritin g  o f  a tr a n s la to r . Two books which 
have been u se fu l in  the w ritin g  o f  th e  IMP-to-PL/1 tr a n s la to r  have
been those by Gries ( Gries J O  ) and Hopgood ( Hop 69 )•  Donovan 
and Ledgard ( Don 67 ) have w ritten  a paper th a t d esc ib es a method 
o f ta ck lin g  the tr a n s la t io n  problem th a t i s  fundam entally d if fe r e n t  
to  the one adopted h ere.
1.3 STRATEGY
The f u l l  tr a n s la t io n  from IMP-to-PL/1 nas already been defined  
as a m ulti-pass process; both th e le x ic a l  scan and th e tr a n s la t io n  
from IMP(INT) to  PL/1 represent a f u l l  p ass.
The IMP language being considered i s  s t i l l  at a developement 
stage and the language s p e c if ic a t io n s  given in  th e  current language 
manual ( ERCC 70 ) are l ia b le  to  change. I t  was thus f e l t  th a t a 
formal approach to  the IMP-to-PL/1 tr a n s la t io n  snould be adopted 
so that any subsequent changes in  th e IMP language s p e c if ic a t io n s  
could be e a s ily  incorporated in  the tr a n s la to r . I t  was decided  
th a t, apart from the i n i t i a l  pass which made a le x ic a l  scan, the  
tra n s la tio n  should be co n tro lled  by an automatic syntax analyser  
( IMP being a Chomsky type 2 language ) .  This d e c is io n  almost 
cer ta in ly  made the tr a n s la to r  e a s ie r  to  w rite  and debug to o , though 
i t  a lso  probably slowed i t  down.
Of the two parsing s t r a te g ie s ,  or methods o f  syntax a n a ly s is ,  
top-down and bottom-up, th e  la t t e r  i s  acknowledged to  be the  
quicker. However, Capon and Argent ( Cap 73 ) have shown th a t the  
bottom-up method c a lle d  operator precedence i s  only a fr a c tio n  
fa s te r  than a top-down method. A lso , th e IMP-to-PL/1 tr a n s la to r  
w il l  not be an in te g r a l part o f a computing system as most com pilers
are, and so it^'s e f f ic ie n c y  ( tn a t i s  it '-s  a b i l i t y  to  conserve both 
time and space during tr a n s la t io n  ) was not such an important design  
c r ite r io n ;  more importance was placed on developm ent tim e.
So a top-down method o f  syntax a n a ly s is  was chosen, u sin g  many
o f the techniques given  in  a report by M illard ( M ill 66 ) ,  because
i t  was found easy to  implement and q u ite  powerful enough fo r  the
(
problem at hand. A f u l l  d escr ip tio n  o f  th e  method o f syntax a n a ly s is  
i s  given in  Chapter 2 .
Other methods o f  a n a ly s is  were not in v e s t ig a te d  w ith any 
thoroughness. I t  can be noted though th at th e ambiguity o f  th e  
symbol ?! f in  IMP and th e  p o ss ib le  occurence o f  im plied m u lt ip lic a t io n ,  
maices the meaning o f  exp ression s such as
! A ?! B *
ambiguous. Thus, as i t  i s  defined  in  th e language manual ( ERCC 70 )» 
the grammar would have to  undergo a p o ssib ly  ted io u s transform ation  
to  bring i t  to  a form su ita b le  fo r  e ith e r  o f  th e  bottom-up parsing  
tech n iq u es, operator precedence or precedence.
e
For a tr a n s la tio n  to  be k f fe c te d , a requirement o f  the IMP 
source program i s  that i t  be e r r o r -fr e e . That i s ,  i t  must conform 
to  th e ru les o f syntax and sem antics described  in  th e IMP language 
manual ( ERCC 70 )•  In ad d ition  th ere  are ce r ta in  co n stru ction s not 
accepted by the tr a n s la to r . These unacceptable syntax con stru ction s  
were defined by Nonweiler; they are l i s t e d  in  appendix , (7 ) .  On 
d iscoverin g  an error in  th e  IMP source, p rocessin g  i s  term inated  
im m ediately, as in  the case o f a c o n te x t -s e n s it iv e  syntax error , or 
at the end o f the pass, as in  the case o f  a c o n te x t-fr e e  syntax error•
,  5-
I'll? does not allow  th e  use o f  a v a r ia b le  b efore i t ' s  d ec la ra tio n . 
Thus a separate pass to  b u ild  up the symbol ta b le s  i s  not necessary .
The symbol ta b le  con stru ction  can be performed during th e same pass 
as the generation  o f  th e  IMP(IWT) t e x t .  However, in  order to  check 
that the syntax o f th e  IMP source i s  acceptab le ( in  a c o n te x t-fr e e  
sense ) ,  a complete pass was introduced. This pass has th e a d d itio n a l 
advantage o f  d efin in g  the syntax, or typ e , o f  each statem ent. This 
in  turn reduces the amount th e analyser needs to  back-up in  subsequent 
p asses. In general back-up should be avoided, but p a r tic u la r ly  so i f  
any c o n te x t-s e n s it iv e  p rocessin g  i s  being done during th e a n a ly s is .  
Back-up i s  described  and d iscu ssed  more f u l ly  in  Chapter 2 .
So the tr a n s la t io n  from IMP-to-PL/1 in v o lv es  four passes in  a l l .  
Figure 1 i l lu s t r a t e s  th e tr a n s la t io n  o f a p a r tic u la r  IMP program ff f , 
using 'tom bstones'. (T his method o f  i l lu s t r a t in g  a tr a n s la t io n  i s  
described by Earley and S tu rg is  (Ear 7 0 ) . )  Each pass i s  programmed 
in  PL/1 ( l ik e  the ALGOL-to-PL/1 tr a n s la to r  ) .  However, the tr a n s la to r  
v /i l l  be made a v a ila b le  to  u sers in  load-module form. Thus each pass 
i s  shown in  Figure 1 as being w ritten  in  ML, machine language.
The f i r s t  pass i s  described  in  d e ta i l  in  Appendix 1. I t  reads 
in  the IMP source program in  card-image form and converts i t  in to  
a form known here as IMP(SCAN) which i s  more e a s i ly  processed by 
subsequent p a sses . In ad d ition  a d iction ary  o f  names, comment and 
constants i s  created  which i s  referenced  by th e  th ree  other p a sses .
The second pass i s  described  in  Chapter performs a
c o n tex t-free  syntax a n a ly s is  o f th e scanned IMP te x t  and in  ad d ition  
a few tex tu a l transform ations. The processed te x t  i s  c a lle d  IMP(CHKD).
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The th ird  pass performs the tr a n s la t io n  to  IMP(INT) form. This 
in vo lves a c o n te x t-s e n s it iv e  a n a ly s is  o f  th e  IMP program and the  
construction  o f symbol ta b le s .  This i s  o ften  g en era lly  referred  to  
as semantic a n a ly sis  in  t h is  report, though i t  i s  acknowledged th a t  
i t  i s  p o ssib le  to  take exception  to  such a t i t l e .  The th ird  pass i s  
described in  Chapter 4*
The fourth  pass performs the tr a n s la t io n  to  PL/1 te x t  and i s  
described in  Appendix 9* The PL/1 te x t  may be put out in  card-image 
form or a lte r n a tiv e ly  compiled by th e  PL/1 preprocessor and com piler.
At the time o f w ritin g  each pass rep resen ts a jo b -ste p  on an 
IBM 370/155 machine and so at the end o f  each pass th e processed  
te x t  must be w ritten  to  a d isk  f i l e  ( organised  se q u en tia lly  and 
named IMPSCAN , , IMPCHKB.' ■ or IMPINT )’. I t  i s  hoped though, th a t  
th is  structure w i l l  be replaced by an overlay  stru ctu re  in  the near 
fu ture.
Each pass has a sso c ia ted  w ith i t  a return code. In gen era l, 
subsequent passes w i l l  not be attempted i f  the return code o f  a 
previous pass in d ica te s  th a t an error has been found in  th e IMP 
program or tne PL/1 tr a n s la to r .
The design and con stru ction  o f  IMP(INT) i s  not d ir e c t ly  re la ted  
to  the generation  o f  a PL/1 tra n sla ted  t e x t .  I t  i s  b e liev ed  th a t  
the an a lysis  up to ,  and in clu d in g  th e  th ir d  pass may conceivably be 
o f use in  tr a n s la t io n s  to  other h ig h - le v e l  languages. I f  any minor 
changes are needed in  the second or th ir d  p a sses , they should u su a lly  
be e a s ily  achieved because o f  the form al stru ctu re  o f  th ese  p a sse s .
F inally  i t  should be s ta ted  th a t an important con sid eration  in
7.
the d e ta iled  design o f t h is  tr a n s la to r  was th a t i t  should not be 
lim ited  in  any way by th e s iz e  o f  the IMP source program .
8.
CHAPTER 2 .
A SYNTAX -  DIRECTED METHOD OF TRANSLATION
2 .1  INTRODUCTION
This chapter d escrib es a method o f sy s te m a tic a lly  tr a n s la t in g  
a given source s tr in g  in to  a ta rg et s t r in g . The tr a n s la t io n  i s  
performed in  two stages
( i )  a top-down syntax a n a ly s is  o f  th e  source s tr in g , fo llow ed  by
( i i )  a generation  o f  th e  ta rg e t s tr in g  based on inform ation gathered
in  ( i ) .
The method described i s  used in  both th e  second, th ird  and 
fourth passes o f  an IMP-to-PL/1 tr a n s la t io n .
2 .2  CONCEPTS OF TOP -  DOWN SYNTAX ANALYSIS
In order to  analyse a source s tr in g , a grammar must be d efin ed .
I f  th is  grammar i s  o f  a type c a lle d  Chomsky Type 2 then i t  can be 
described by a s e t  o f  syntax d e f in it io n s  w ritten  in  Backus-Naur 
Form ( BNF ) .  This i s  th e method adopted throughout t h is  report ( a l l  
grammars being o f  Chomsky Type 2 ) ,  w ith  th e  fo llo w in g  exception; 
the symbol * |* in  BNF i s  replaced by a n ew -lin e and * ; ? = ' •  D e fin it io n s  
numbered ( 2 . 1 )  t o  ( 2 . 8 )  below i l lu s t r a t e  such a form.
< EXPRN> <TERM> * <EXPRN> (2-1)
::= <TERM> (2 .2 )
<TEKM* : s -  <VAR> + <TERM > (2 .3 )
:s= <VAR > (2 .4 )
<VAR> js= A ( 2 . 5 )
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B (2.6)
::= C (2 .7)
::= D (2 . 8 )
A,B,C,D,+,* are elem ents o f  the source language. They are 
c a lle d  term inal ch aracters. <EX.PEN>, <VAR>; and <TERM> are termed 
m eta-variah les. As can he seen above, to  the l e f t  o f  each syntax  
d e f in it io n  i s  a m eta-variab le. This m eta-variable i s  c a lle d  the
subject m eta-variab le. To the r ig h t i s  a s tr in g  o f  term inal ch aracters
and/or m eta-variables which may rep lace the subject m eta-variable  
during a process c a lle d  parsing or syntax a n a ly s is . This s tr in g  
may be ca lled  a d er iv a tio n  o f  the subject met a -vari a b le . By applying  
another d e f in it io n  to  a m eta-variable w ith in  the s tr in g ,  a fu rth er  
d erivation  can be found. In such a way the o r ig in a l su bject  
m eta-variable should be u ltim a te ly  * reducib le ' to  a s tr in g  o f  term inal 
characters on ly .
D efin itio n s ( 2 . 1 )  and ( 2 . 3 )  above are termed r ig h t-r e c u r s iv e  
because the su bject m eta-variable a lso  appears as th e right-m ost  
component o f it^jg d e f in it io n .  L eft-recu rsiv e  d e f in it io n s  induce 
in f in i t e  loops in  top-down syntax analysers and thus should be avoided* 
That i s ,  the components o f each d e f in it io n  should be arranged such th a t  
the subject does not a lso  occur as the f i r s t  component o f  i t ’ s 
d e f in it io n . In ad d ition , the d e f in it io n s  should not be reducib le  to  
a form where the subject occurs as the f i r s t  component o f  i t ^ s  
d e f in it io n .
The tasX o f a syntax analyser i s  to  fin d  out whether th e given  
source s tr in g  i s  a d eriva tion  o f the (.predetermined) syntax d e f in it io n s .  
A ll pure top-down analysers share a common stra teg y ; they are
10.
g o a l-or ien ted .
The analyser takes as i tCs  i n i t i a l  goal the s ta r t in g  point in  a 
s e t  of syntax d e f in it io n s , a lso  known as the root node or th e unique 
non-term inal. In the syntax d e f in it io n s  above, <EXPRN> mignt be the  
root node. The analyser then examines su ccess iv e  components o f  the  
d e fin it io n  o f th is  m eta-variab le. I f  a component i s  a m eta-variable, 
then th is  m eta-variable i s  s e t  as a new su b-goal, th e s ta te  o f  the  
an a lysis  being recorded in  a push-down stack . I f  th e  component i s  a 
term inal character, then a check i s  made to  see i f  i t  matches th e next 
character in  the source s tr in g . I f  i t  does then th e next component 
o f the current d e f in it io n  i s  considered . I f  i t  does not then the  
analyser must look fo r  an a lte r n a tiv e  d e f in it io n  to  th e current g o a l.
For example, in  the above d e f in it io n s  <VAR> : j= C i s  the next a lte r n a t iv e  
d e fin it io n  to  <VAR> :;=  B •
The analyser continues in  such a fash ion  u n t i l  th e  d e f in it io n  
o f the i n i t i a l  goal nas been s a t is f ie d  (su c cess ) or u n t i l  a l l  a lte r n a t iv e s  
to  the i n i t i a l  goal have been tr ie d  w ithout fin d in g  a match w ith  th e  
source s tr in g  ( f a i l u r e ) .
When a syntax analyser looks fo r  an a lte r n a tiv e  d e f in it io n  to  a 
met a-vari ab le, i t  i s  sa id  to  be backing-up or backtracking. Aho and 
Ullman ( Aho 72 ) nave described  two typ es o f backtracking; lim ited  
backtracking and f u l l  backtracking. The d iffere n c e  i s  th a t in  a 
lim ited  backtracking syntax analyser, once a m eta-variable has been 
found which d erives a p r e fix  o f  the remaining source s tr in g  ( i . e .  once 
a sub-goal has been found), no otner a ltern a tiv e :m eta -v a r ia b les  
(sub -goals) to  the id e n t if ie d  one w i l l  be t r ie d ,  even i f  i t  i s  la te r  
found that the p re fix  was id e n t if ie d  in c o r r e c t ly . With f u l l  backtracking
11.
a l l  p o ss ib le  a lte r n a tiv e  d er iv a tio n s o f  the i n i t i a l  goal are tr ie d  by 
the an alyser.
For most computing language tr a n s la to r s  i t  should be p o ssib le  
to  make a sa t is fa c to r y  syntax a n a ly s is  o f any source s tr in g  without 
needing f u l l  backtracking c a p a b ility . Indeed, i t  i s  o ften  p o ss ib le  
to  arrange th e syntax d e f in it io n s  so th a t even lim ited  backtracking i s  
not required. Such a s itu a t io n  i s  very much to  be d esired  in  tr a n s la to r s  
for  two reasons:
(a) The tim e taken by a syntax analyser w ith no backtracking  
ca p a b ility  to  recognise a source s tr in g  i s  d ir e c t ly  proportional 
to  the number o f  symbols in  the source s tr in g . However, the  
th e time taKen by a syntax analyser to  recogn ise  a source 
s tr in g  using backtracking i s  proportional to  the number o f  
symbols ra ised  to  the power n, where n ^ 2 .  This i s  proved by 
Aho and Ullman ( Aho 72 ) ,  fo r  example. Thus a parse which 
in v o lv es  no backtracking i s  in h erently  fa s t e r  than one th a t does.
(b) In id e n t ify in g  a m eta-variable, some sem antic p rocessin g  may 
have been done. I f  th is  m eta-variab le1s d e f in it io n  i s  la te r  
re jected  then th e semantic processing  must be undone.
I t  i s  o ften  convenient during the syntax a n a ly s is  to  be able 
to  perform some s p e c ia l ,  le s s  form al, p ro cessin g . This can be achieved  
by embedding in  the syntax d e f in it io n s ,  a s ig n a l to  suspend th e  
formal syntax a n a ly s is  and c a l l  a sp e c ia l rou tin e defined  by the  
s ig n a l. For example, during the a n a ly s is  o f a d ec la ra tio n  statem ent 
i t  might be convenient to  in se r t  an id e n t i f i e r  in to  a symbol ta b le .
I f  th ese  sp e c ia l rou tin es can fo rce  the analyser in to  a s p e c if ic  
course o f  action  then the a n a ly s is  may be made ' s e le c t iv e * .  This
i s  d iscussed  further in  the se c t io n  (2.3*2) •
2.3 TRAM SLATION TECHNItJJES 
2.3*1 Data Structures
The steps involved  in  analysing  a source s tr in g  may he represented  
hy a syntax tr e e . Eor example, considering th e syntax d e f in it io n s  
numbered (2.1)  to  ( 2 . 8 )  in  the previous se c t io n , th e canon ical 
derivation  o f the s tr in g  A *• B + C * D may be represented by the
tree  shown in  diag.- ( 2 . 1 )  on page 14*
A more concise rep resen ta tion  o f th is  syntax tr e e  i s  obtained  
by rep lacing each node which i s  a m eta-variable by th e  number o f  the  
d e fin it io n  which was s a t is f ie d  during the a n a ly s is . I f  in  t h is  
in stance the p refix  ’2.* to  each d e f in it io n  number i s  removed then  
the tree  shown in  d iag . ( 2 .2)  on page 14 i s  obtained .
To define a tr a n s la t io n , i t  i s  neccessary to  a s so c ia te  w ith
each syntax d e f in it io n  a s tr in g  o f  characters rep resen ting  the  
corresponding form o f the ta rg et language.
Suppose that the s tr in g  A * 'B + C *■ D i s  to  be tr a n s la te d  in to  
a language in  which W,X,Y,Z, represent A,B,C,D, r e sp e c tiv e ly  and 
the precedence o f  the arithm etic operations i s  defined  by parentheses. 
Then th is  could be achieved by augmenting the d e f in it io n s  numbered 
(2.1)  to  (2.8)  above w ith the ta r g e t language co n stru cts  shown 
below
< EXPRN > : :  = <  TERM> *  <EXPRN> { (@ 2*@ 1) ]
s : = < TERM > {@ 1}
< TERM> <VAR> + <TERM> ( 2 .3 )
(2 . 2 )
(2 . 1)
(contd . on page 15)
Diagram (2 .1 )
k canonical d er iva tion  o f tn e  s tr in g  A * B + C * D •
< EX PPM >
< TERM > * <WXPM >
< VA R> < TERM > * < EXPHN >
< VAR > +
< VAR > < VAR >
Diagram (2 .2 )
A more concise representation  o f  the above syntax t r e e .
::=<VAR> ( 2 . 4 )
< VAR> :: = A (2 . 5 )
::= B { X ]  (2 .6)
::= C { Z \  ( 2 . 7 )
::= D \ Z \  ( 2 . 8 )
The target language language con stru cts are enclosed in  the  
brackets \  \  • Characters in  the con stru cts are one o f  two typ esj  
characters which have a sp e c ia l s ig n if ic a n c e  and term inal characters 
belonging to  the ta rg et language.
In the above example there i s  one sp e c ia l character, ’@T which 
i s  always follow ed by a d ig i t .  This in s tr u c ts  the generation  routine  
on the way in  which the syntax tr e e  i s  to  be read. The sequence o f  
characters means process th e node on the nth branch o f  th e node 
being considered, numbered from th e  l ig h t .  C onsidering th e  syntax  
d e fin it io n s , th is  corresponds to  an in s tr u c tio n  to  process the  
met a-vari able numbered n from th e r igh t o f  th e one being considered*
Whenever tne generation  rou tin e encounters a term inal character,
such as •(* above, the character i s  immediately put out as a member
o f tne tr a n s la tio n .
Thus the generation  routine w i l l  interpret ^ e  syntax tr e e  o f  
d iag . (2 .2)  in  the fo llow in g  way. The root node i s  considered} th is  
p oin ts to  the ta rg et construct a sso c ia ted  w ith  d e f in it io n  ( 2 . 1 ) ,  
that i s  (@2*@1). The generation  routine w i l l  process t n is  in  tne  
fo llow in g  way.
(1) Put out tne term inal character ( .
(2) Process the node pointed to  by the in s tr u c tio n  @2, which i s  the
construct o f  d e f in it io n  (2 .4)*
15 -
(3) -Put out
(4) Process the node pointed to  by the in s tr u c tio n  @1, which i s
the construct o f d e f in it io n  ( 2 . 1 ) .  This in v o lv es  a recu rsive  use  
o f the con stru ct.
(5) Put out )•
The tran sla ted  s tr in g  i s  tnen ( (W*X)+(Y*Z))•
2.3*2 Storage Structures
In th is  sec tio n  one way o f  s to r in g  and accessin g  a syntax tr e e  in  
a computing environment i s  describ ed .
A syntax tr e e  l ik e  that described  by d iag . ( 2 . 2 )  can be mapped 
onto a s in g le  dimension array, c a lle d  LIST say , by th e fo llo w in g  se t  
o f  ru leg .
(1) Consider the root node, i . e .  tn e  head o f  th e  syntax tr e e .
(2) I f  any branch o f the node being considered does not have a
term inal node then proceed to  ru le (3 ) ;  otherw ise add the  
contents o f the node to  th e  next lo c a tio n  in  LIST, fo llow ed  
by the contents o f  i t ' s  branching nodes copied from r ig h t to  
l e f t .  Replace the node by a term inal node conta in ing  a lin k  
to  i t ' s  p o s it io n  in  LIST. This lin k  i s  an index to  LINK
prefixed by a minus s ig n . I f  the node was the root node then
stop} e ls e  proceed to  ru le  ( 1 ) .
(3) Consider the f i r s t  branching node ( l e f t  to  r ig h t) tn a t i s  not 
a term inal node. Proceed to  ru le  ( 2 ) .
These ru les are e a s ily  implemented during a top-down syntax  
a n a ly s is , being determined by th e  nature o f  th e  algorithm . The 
re su ltin g  ’threaded1 l i s t  i s  e a s i ly  stored in  th e  core o f  a computer,
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and can be quickly searched by a generation  rou tin e .
Applying th e ru les  to  the tr e e  o f d iag . ( 2 . 2 )  g iv e s  th e  array 
snown in  d iag . (2*3) on page 18.
The lin k  to  th e whole l i s t  i s  -15* Thus tn e  generation  routine  
must in sp ect element LIST(15) f i r s t .  This p o in ts  to  th e construct 
associated  with tn e f i r s t  syntax d e f in it io n  (2 . 1 )  which i s  (@2#<9l).
To process th e node referred  to  by @2 i s  sim ple. The l i s t  i s  
generated such th a t the contents o f  the node on the nth branch o f a 
node N (numbered from the r ig h t) i s  in d ica ted  by the nth entry in  
LIST fo llow ing th a t corresponding to  the node N. The node referred  
to  by ©2 can thus be found by examining the entry 15+2 in  LIST. 
This i s  a lin k  to  entry LIST(l) .  This entry p o in ts  to  tn e  construct 
of d e f in it io n  ( 2 . 4 ) .
A generation routine that w i l l  su c c e s s fu lly  operate on the l i s t  
above to  produce th e ta rg et s tr in g  ( (Y/*X)+(Y*Z)) i s  described  in  
sec tio n  (2.4*3)*
2*3*3 A nalytic-R outines
As mentioned in  sec tio n  ( 2 . 2 )  i t  i s  o ften  convenient during 
syntax an a lysis  to  be able to  execute sp e c ia l ro u tin es . This i s  
achieved by the tr a n s la to r  considered here by embedding w ith in  the  
syntax d e f in it io n s  a s ig n a l which t e l l s  the analyser to  suspend 
syntax a n a lysis  and c a l l  an a n a ly t ic -r o u tin e , defined  by th e  s ig n a l.
For example, during the a n a ly s is  o f a d ec la ra tio n  statem ent an 
id e n t if ie r  may have to  be in ser ted  in  a symbol ta b le .  This can be 
achieved by w ritin g  th e  syntax d e f in it io n
< DECL> ;: = <TYPE> <VAR> $12 ;
( contd. on page 19 )
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Diagram ( 2 . 3 )
The syntax tr e e  shown in  d iag . (2 . 2 )  in  th e form o f  a threaded l i s t .



















When the analyser encounters tne character £ , i t  would c a l l  a 
sp ec ia l routine ( a n a ly tic  rou tine 12 ) which in s e r ts  th e  id e n t i f i e r  
derived from <VAR> in  the symbol ta b le .
A fter invocation  o f  an a n a ly t ic -r o u tin e , con tro l can be returned  
to  one o f three p o in ts  in  th e an a lyser . Let th ose  p o in ts  be la b e lle d  
A,B and C.
I f  control i s  returned to  la b e l A, then th e  a n a ly s is  continues 
in  a normal fa sh ion , i . e .  th e  next component o f  th e current d e f in it io n  
i s  considered.
By returning to  la b e l B in  the an a lyser , a redundant node i s  
created in  the syntax t r e e .  The a n a ly tic -r o u tin e  can be used to  
assign  to  that redundant node a parameter, a v a ila b le  during the  
a n a ly s is , which i s  needed during the generation  s ta g e . ( This parameter 
might a lso  be communicated v ia  a g lob a l storage lo c a tio n  but t h is  
might create d i f f i c u l t i e s  i f  the same routine was c a lle d  sev era l 
tim es during the a n a ly s is  o f  a p a rticu la r  source s tr in g , s in ce  a 
second c a l l  on the routine might overw rite a parameter s e t  in  th e  
previous c a l l . )  An example o f th e  im plem entation o f t h i s  technique  
i s  given in  sec tio n  (2 . 4*2 ) .
I f  an a n a ly tic -ro u tin e  returns con tro l to  la b e l C in  th e analyser  
then the analyser i s  forced  to  r e je c t  the immediately preceeding  
m eta-variable ( the d e f in it io n  o f  which has been s a t i s f ie d  ) and 
look fo r  an a lte r n a tiv e  to  i t .  This in troduces a degree o f  s e le c t iv i t y  
in to  the analyser which may speed up th e  a n a ly s is . For example, 
suppose d e f in it io n s  ( 2 . 1 )  and ( 2 . 2 )  o f  se c t io n  (2 . 2 )  were changed to  
<EXPPJ\T> <I)UKMY>£lO <TERM> * < EXPEN> [(@2*@1)}
s:= <DUMMY> $10 <TERM) {@1^
and the d e f in it io n  introduced
< dummy> ::= <null>
where <!JULL> i s  a s p e c ia l m eta-variable rep resen ting  th e n u ll s tr in g .  
Then a n a ly tic -ro u tin e  10 might in sp ect th e  next character in  the  
source s tr in g  to  see  i f  i t  i s  e ith e r  A, B, C or D. I f  i t  i s  not 
then by returning to  la b e l C in  the analyser both d e f in it io n s  are 
rejected  and the analyser i s  saved th e  tim e spent in  s e t t in g  f i r s t  
<TEM> and then <VAR> as* su b -g o a ls. This technique i s  used  
ex ten siv e ly  during th e  th ird  pass to  guide th e analyser such th a t  
cer ta in  syntax d e f in it io n s  and thus cer ta in  ta r g e t  language con stru cts  
are processed.
The use o f  a n a ly tic  rou tin es i s  based on an id ea  by M illard  
( Mil l  66 )j  where they are c a lle d  p i-r o u t in e s .
2.3«4 Constructor-Routines
During th e generation  s ta g e , as w ith  the a n a ly s is  s ta g e , i t  i s  
o ften  convenient to  be able to  execute a sp e c ia l ro u tin e . This i s  
acnieved by embedding w ith in  a ta rg et language con stru ct a s ig n a l to  
the generation routine to  c a l l  a co n stru cto r-ro u tin e .
During th e processing  o f  the construct (@3@1?12) the s tr in g  
?12 in stru c ts  the generation  routine to  c a l l  con stru ctor-rou tin e  12.
I t  can be noted that the character ? which i s  the s ig n a l to  the  
generation routine to  execute a con stru ctor-rou tin e  i s  always fo llo w ed  
by a tw o -d ig it number d e fin in g  th e p a r tic u la r  co n stru ctor-rou tin e  to  
be invoked.
C onstructor-routines are used when i t  i s  more convenient to  edit, 
a target s tr in g  by c a l l in g  a sp e c ia l rou tin e than by t ly in g  to
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w rite a su ita b le  arrangement o f  syntax d e f in it io n s  and ta r g e t language 
con stru cts . Tney are analogous to  the p h i-ro u tin es  described  by 
M illard ( Mi l l  66 ) .
2 .4  THREE RELEVANT ALGORITHMS
In h is  report, M illard ( Mi l l  66 ) described  th ree algorithm s.
(1) A Syntax Rules Processor to  convert tn e  syntax d e f in it io n s  from 
a readable form as shown in  appendix (3) fo r  example, to  a form 
more su ited  to  the subsequent a n a ly s is .
(2) An Analyser to  perform a top-down syntax a n a ly s is  o f  a source
str in g  and produce as output a ’threaded* l i s t .
(3) A Generation Routine to  operate on a threaded l i s t  and thus 
produce a tra n sla ted  s tr in g .
For the IMP-to-PL/1 tr a n s la t io n  both the syntax ru le s  processor  
and the generation  routine were considerably  m odified to  f u l ly  u t i l i s e  
P L /l’s s tr in g  handling a b i l i t i e s .  However, th e  same b a sic  stru ctu re  
o f th ese  two algorithm s was reta ined  and s in ce  they are both q u ite  
simple algorithm s they are only summarily described  below.
Although not e x p l i c i t ly  sta ted  in  h is  rep ort, M illard ’ s analyser  
does not incorporate any backtracking c a p a b ility . Ratner than try in g
to  con trive  a se t  o f  syntax d e f in it io n s  such th a t backtracking i s
never required, i t  was decided to  w rite  a new analyser fo r  the  
IMP-to-PL/1 tr a n s la to r  which had a lim ited  backtracking ca p a b ility  
and whicn retained th e  concept o f  a n a ly tic  r o u tin es . This new analyser  
i s  described in  se c t io n  (2 . 4*2 ) .
2,4*1 The Syntax Rules Processor
The purpose o f  th is  algorithm was to  convert th e  syntax d e f in it io n s  
from a BNP-like n ota tion  to  tabular form. The d e f in it io n s  and th e ir  
associa ted  ta rg et constructions are mapped onto four arrays c a lle d  
SUB, COMP, ALT and OS. The process i s  described simply by d iag . ( 2 . 4 )  
which shows the mapping o f the d e f in it io n s
<EXPRN> ::=  <TERM> * <EXPRN> {(@2*®1)]
<TEEM> {@1^
Before describ ing  t h is  mapping in  d e t a i l ,  i t  can be noted th a t  
each component o f a d e f in it io n  must be reduced to  an in te g e r  so th a t  
i t  can index the arrays SUB, COMP and ALT. This in te g e r  must be 
unique fo r  each d iffe r e n t  component. The process by which th is  i s  
achieved i s  as fo llo w s.
IMP d e lim ite r s , id e n t if ia b le  by th e ir  i n i t i a l  character % are 
f i r s t  reduced to  a s in g le  ( non-printing ) character as defined  by 
the le x ic a l  scan ( see appendix (1) ) .  The lo c a tio n  in  which t h is  
character i s  stored, which i s  o f  length  8 b it s  w ith  OS/36 0 , i s  then  
read as an unsigned in teg er  and the r e su lt in g  number assigned to  th a t  
d e lim iter . In a s im ila r  way, a number i s  a sso c ia ted  w ith a term inal 
character. M eta-variables are sent to  a hash fu n ctio n  which s e t s  a 
sw itch i f  the m eta-variable has been used before and returns an in te g e r  
code to  represent the m eta-variable. This code i s  always greater  
than 255 "to avoid confusion with term inal characters and IMP d e lim ite r s .
The mapping i s  achieved as fo llo w s . When tn e  f i r s t  component 
o f a d e f in it io n  i s  encountered, which would be a su b ject m eta-variable  
coded M say, a poin ter to  the f i r s t  a v a ila b le  lo c a tio n  in  COMP i s  put 
in  SUB(M) • The components are then entered in  order in  th e array
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ill ae, ram (2«4)
Diagram to  i l l u s t r a t e  tn e  syn tax  d e f in i t io n s  in  ta b u la r  form;
CumP nLT ^
COW? follow ed by a zero to  term inate th e  d e fin it io n *  The p o in ter  to  
the next a v a ila b le  lo c a tio n  in  05 i s  p laced  in  the array ALT in  th e  
same p o s it io n  as the term inator in  the array COMP. The ta rg et  
language constructs are mapped lin e a r ly  onto the array OS. I t  can 
be noted th at the term inating bracket  ^ i s  included  to  s ig n a l to  the  
generation routine th a t a construct has been f u l ly  processed*
I f  a fu rtn er d e f in it io n  with the same subject i s  encountered 
then the components are compared with th o se  o f  th e previous d e f in it io n  
u n t il  one i s  found which does not correspond to  one p rev iously  sto red , 
at loca tio n  N sa y ,in  the array COMP* A p o in ter  i s  in ser ted  in  ALT(N) 
to  the next av a ila b le  lo c a tio n  in  COMP, from which po in t the remaining 
components o f the new d e f in it io n  are stored*
I f  d e f in it io n  in c lu d es an a n a ly tic -ro u tin e  c a l l  then the warning 
character $  i s  stored in  COMP in  in teg er  form and th e corresponding  
a n a ly tic -ro u tin e  number in  the p a r a lle l lo c a tio n  in  ALT.
For the IMP-to-PL/1 tr a n s la to r , the ta r g e t language brackets ^  
are relaced by the character ! .
The fo llow ing  r e s tr ic t io n s  are placed on th e syntax d e f in it io n s  
by the nature o f  the syntax ru les  processor and th e an alyser.
(1) The syntax d e f in it io n s  must be arranged so th a t th ere  can never 
be an occurrence o f  le f t -r e c u r s io n . I t  i s  p o ss ib le  to  con trive  
a syntax ru les  processor which cnecks fo r  such an occurrence 
but th is  was not attempted here.
(2) The m eta-variable <NULL>,denoting th e empty s tr in g , i s  represented  
in  the array COMP by in teg er  zero . Because o f  th e  stru ctu re
o f the analyser, i f  <hrULL> i s  used i t  must be th e only component 
o f a d e f in it io n . To introduce empty s tr in g s  in to  compound
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d e f in it io n s , dummy m eta-variables can be used. See fo r  example 
the use o f the m eta-variable <DUM1> in  d e f in it io n s  (75) and 
(295) i n appendix (4)*
(5) I f  the components o f  one d e f in it io n  correspond to  th e  i n i t i a l  
components o f  a longer d e f in it io n  w ith th e same su b ject then  
trie longer d e f in it io n  must preceed th e sh orter one.
(4) I t  i s  im possib le to  in clud e an a lte r n a t iv e  to  an a n a ly tic -  
routine in  the array ALT, as ALT holds th e a n a ly tic -ro u tin e  
number. This could be overcome by s to r in g  a n a ly tic -r o u tin e s  
as a negative in teg er  in  COMP, but then th e analyser would 
have to  decide whether to  invoice a n a ly t ic -r o u tin e s  during  
backtracking. In the circum stances i t  i s  q u ite  easy to  
engineer an a lte r n a tiv e  to  an a n a ly t ic -r o u tin e  by using  a 
dummy m eta-variable. D e fin it io n s  (181) and (182) in  appendix
(4) i l lu s t r a t e  an example.
In general, once the syntax d e f in it io n s  have been co rr ec tly  
w ritten  out, the syntax ru les processor i s  not a part o f  a tr a n s la t io n  
processj the d e f in it io n s  being kept in  tab u lar form on a d isk  or 
magnetic tape.
2.4*2 The Analyser
The new analyser i s  described  by th e flow  diagrams o f  f ig u res  
(2A) and (2B).  Figure (2A) i l lu s t r a t e s  th e a n a ly s is  and f ig u re  (2B) 
the way the threaded l i s t  i s  b u i l t  up.
Like a l l  top-down an a lysers, t h is  one u ses  a push-down stack .
Each element o f th is  stack has storage fo r  f iv e  v a r ia b le s -  ISTACK,
JSTACK, S3TACK, TSTACX and PaRaM (though PARAM i s  sometimes l e f t
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undefined ) .  For the a n a ly s is  only I5TACK and SSTACK are e s s e n t ia l ,  
the others being used to  b u ild  up the l i s t .
V ariable I p o in ts to  the component in  COMP currently  being  
examined; J i s  used to  order tn e  l i s t  c o r r e c t ly ;  P end N are used 
as work va r ia b les  recording va lu es stored  in  the arrays COMP and ALT 
r esp ec tiv e ly ;  S p o in ts to  the next character in  the source s tr in g  to  
be id e n t if ie d  and T p o in ts to  the next a v a ila b le  lo c a tio n  in  LIST.
The function  INPJT returns th a t character in  th e  source s tr in g  
indexed by i t ’ s arguement.
In d iag . (2 .2 )  on page 14 the conten ts o f  a node o f  th e  syntax  
tr e e  was the number o f a syntax d e f in it io n .  In t h i s  implementation  
the contents o f  each node i s  a p o in ter  to  the array OS, in d ic a tin g  
to  the generation routine th e  ta rg e t language construct to  be p rocessed .
The c a l l in g  routine i n i t i a l i s e s  S , T and I .  Suppose H i s  the  
in teg er  code o f  the m eta-variable which i s  to  represent th e root node 
or head o f the r e su lt in g  syntax t r e e . Then I i s  s e t  to  SUB(li).
Successive components o f  th e  d e f in it io n  o f  H are then examined by
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referencing  array COMP ( la b e l A in  f ig u re  2A ) .  I f  a component i s  
a m eta-variable ( la b e l D ) then th e s ta te  o f th e  parse i s  recorded  
in  the stack and the new m eta-variable s e t  as a su b-goal. When a 
term inal character i s  id e n t if ie d  ( la b e l E ) ,  th e  s ta te  o f  the parse  
i s  again recorded so that backtracking i s  p o s s ib le .
When a goal has been su c c e ss fu lly  id e n t if ie d  ( la b e l P ) ,  the  
pointer to  tne corresponding ta rg e t language construct i s  copied from 
the array ALT fo r  subsequent in c lu s io n  in  the array LIST. A fter  
processing assoc ia ted  w ith the b u ild -up  o f  the l i s t  i s  com pleted, 
tne stack  i s  popped-up ( la b e l H ) and exam ination o f  the previous
m eta-variable i s  continued.
Processing i s  continued u n t i l  th e  source s tr in g  i s  recognised or 
u n t il  a l l  d e f in it io n s  o f H nave been tr ie d  w ithout a match occurring, 
when tne analyser reports fa i lu r e .
After invocation  o f  an a n a ly t ic -r o u tin e , co n tro l may be returned  
to  e ith e r  la b e l A, B or C. These la b e ls  correspond to  th e la b e ls  
mentioned in  sec tio n  ( 2 . 5 *5 )•
The s ig n ific a n c e  o f  la b e l A has already been noted; i t  i s  tne  
point where tne next component o f  the current d e f in it io n  i s  about to  
be examined. Label B i s  the p o s it io n  the analyser reaches a f te r  a 
m eta-variab le's d e f in it io n  has been su c c e ss fu lly  id e n t if ie d .  I f  an 
a n a ly tic -ro u tin e  returns con tro l to  la b e l 3 and in  ad d ition  a ssign s  
a value to  the variab le  N, tnen t h is  va lu e i s  stored  in  a unique 
p o sitio n  in  the array LIST. As mentioned in  se c t io n  (2 .5 * 2 ) , th is  i s  
a way in  which a parameter may be passed to  the generation  s ta g e .
This technique i s  used e x te n s iv e ly  in  the th ird  pass to  pass th e code 
representing an IMP d e lim iter  to  th e  generation  ro u tin e . Consider 
the fo llow in g  d e f in it io n s
< S2 > : < TYPE) /6NAME <PARAM1> <NAMELIST> ; [ @5?92@1;]
<PARAM1> £ l  H
In tern a lly  $NAME i s  represented as a s in g le  n on -prin tin g  character  
and so cannot be w ritten  out e x p l i c i t ly  as a ta r g e t  language con stru ct. 
After the analyser has recognised  the term inal character %NAME, i t  
examines tne m eta-variable <PARAM1>. This r e s u lt s  in  a c a l l  to  
a n a ly tic -ro u tin e  1 which a ssign s to  the v a r ia b le  N in  tne analyser tn e  
code o f  the previous d e lim iter  and returns to  la b e l B in  tn e  analyser. 
This has the e f f e c t  o f crea tin g  a node o f  the syntax tr e e  corresponding
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to  the m eta-variable < P'nPA_U> but s to r in g , not a p o in ter  to  tne  
construct a ssoc ia ted  w ith <PARM1'> but tn e  in te r n a l code o f  the  
d elim iter  75NAMS. At a la te r  stage t h is  code i s  r e tr iev ed  by the  
generation routine invoking co n stru ctor-rou tin e  92 wnich examines 
the node corresponding to  <PABAM1>.
Label C in  the analyser i s  the poin t reached when a meta­
v a r ia b le ’ s D efin itio n  has been u n su ccessfu lly  applied  and the analyser  
must backtrack to  look fo r  an a lte r n a tiv e  d e f in it io n .  The e f fe c t  o f  
returning to  la b e l C from an a n a ly tic -ro u tin e  was explained in  
sec tio n  (2 .3 * 2 ) .
Within the IMP-to-PL/1 tr a n s la to r , tne analyser i s  declared  
recursive and i s  invoked rec u r siv e ly  during the th ird  p ass.
2.4*3 The Generation Routine
Tne generation routine usea by tne IMP-to-PL/1 tr a n s la to r  i s  
id e n t ic a l to  one described by M illard ( M ill 66 ) w ith  th e fo llo w in g  
two exceptions
(a) For the PL/1 implementation the two v a r ia b le s  RFC and PaRAM are 
made elements o f a stack  by u sing  a PL/1 stru ctu re  v a r ia b le  w ith  
the CONTROLLED a ttr ib u te .
(b) The ex isten ce  o f a NEWLINE in s tr u c tio n  in  tn e ta r g e t  language 
constructs i s  not considered .
The routine operates on a syntax tr e e  in  th e form o f  a threaded  
l i s t  o f s im ila r  con stru ction  to  the array LIST o f  s e c t io n  (2 .3 * 2 ) .
By referencing the array OS which contains the s tr in g s  o f ta rg et  
language con stru cts , a tra n s la ted  s tr in g  i s  generated.
The routine f i r s t  accepts a linK to  tn e whole l i s t .  This 
in d ica te s  v.Lere in  the l i s t  i s  th e  p o in ter  to  the construct a ssoc ia ted  
with the root node. The routine tnen p rocesses th is  construct in  the  
fo llow ing  way.
I f  a member o f th e construct i s  a term inal character tnen i t  i s
put out immediately as a member o f  tne tr a n s la te d  string#
I f  a member o f tn e construct i s  the character ? tnen the next
two members are in terp reted  as an in te g e r  d e fin in g  a con stru ctor-
routine that i s  to  be executed.
I f  a member o f th e  construct i s  the character @ tnen a new node 
i s  lo be processed# Inform ation about the o ld  node i s  recorded in  a 
push-down stack and tn e p o in ter  to  the construct fo r  t h is  new node 
found by the process described in  se c t io n  (2 .3 * 2 ) . When t n is  construct  
has been fu lly  processed , p rocessing  o f  the old  node continues from 
the point where i t  was in terrup ted .
I f  a member o f the construct i s  th e  character } tnen th is  
s ig n i f ie s  that th e construct has been f u l ly  processed . The stack i s  
examined to  see i f  there are other nodes which have not been fu l ly  
processed. I f  th ere are tnen the stack  i s  popped-up and processing  
continues; i f  there are not then the tr a n s la t io n  has been completed.
CHAPTER 3.
THE SECOND PASS.
3.1  PURPOSE OE THE SECOND PASS
The second pass was o r ig in a lly  introduced in to  th e tr a n s la to r  
design to  check that the syntax o f each IMP statem ent i s  acceptab le  
to  the th ird  pass. IMP statem ents are considered s y n ta c t ic a lly  in  
error i f
(a) They do not conform to  the syntax ru le s  defined  by th e current 
IMP language manual (ERCC J O )  o r
(b) They contain IMP phrase stru ctu res tiia t cannot be tra n sla ted  
to  PL/l by t h is  e d it io n  o f  the tr a n s la to r . These phrase 
stru ctu res are l i s t e d  in  appendix ( 7 )*
For reasons given in  sec tio n  (3 * 2 .2 ) , i t  was a lso  decided to  
check during the second pass that th e block stru ctu re , n e stin g  and 
sequence o f %CYCLE, %REPEAT statem ents ( h e rea fter  simply referred  
to  as the block stru ctu re ) i s  c o n s is te n t .
The method employed to  perform th is  checking i s  described  in  
sectio n  (3 * 2 ). I f  any error i s  found during th e  second p ass, subsequent 
passes are not u sua lly  attempted.
In addition  a number o f transform ations o f th e  IMP te x t  are 
performed to  f a c i l i t a t e  further tr a n s la t io n . These transform ations  
are described in  se c t io n  ( 3 *4 )T : ■
3 .2  STRATEGY OF THE SECOUD PASS
To recognise unacceptable syntax co n stru ctio n s , the scanned IMP 
te x t  i s  analysed a statem ent at a tim e by tne syntax analyser described  
in  chapter (2 ) .  Tne generation  routine described in  chapter (2) i s  
tnen used, to  produce a ta rg et s tr in g .
Since the second pass performs few transform ations o f the IMP 
te x t ,  i t  was decided to  use the analyser and generation  routine to  
produce a sta tem en t-d escrip tion  code rather than tra n s la ted  IMP t e x t .  
Tnis code i s  e ith er
(a) A two d ig it  in teg er  d escrib ing  th e type o f  statem ent analysed  
( e .g .  assignment statem ent ) or
(b) An error code in  the form o f a character s tr in g  o f  length  four
( or p ossib ly  a m ultip le  o f four ) .  This s tr in g  i s  composed o f  
the le t t e r  fF' fo llow ed  by a th ree  d ig it  in te g e r . This in teg er  
i s  subsequently used to  index a f i l e  o f  error m essages.
Such an error code i s  generated i f  the corresponding IMP 
statement contains a syntax error or a phrase stru ctu re  th a t cannot 
be tran sla ted  to  PL/1 or i f  tne IMP statem ent does not produce a 
con sisten t block s tru ctu re . I t  can be noted th a t in stead  of asking  
tne generation routine to  produce an error code and then indexing  
a f i l e  o f error m essages, the generation  routine could generate tne  
error message d ir e c t ly .  In tn is  in sta n ce  though, the f i r s t  method 
described above requires le s s  storage and i s  qu icker.
The method usea to  id e n tify  th e above errors i s  described  in  
section s (3 .2 .1 )  and ( 3 .2 .2 )  below. The syntax d e f in it io n s  used fo r  
the an a lysis  o f each IMP statement and the ta r g e t  language con stru cts  
used to  generate the sta tem en t-d escr ip tion  codes are shown in  appendix 
( 2 ) .
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^he problem o f performing the te x t  transform ations was reso lved  
in  the fo llow in g  way. Any te x t  ed it in g  th a t needs to  be done to  
an IMP statem ent i s  recorded in  a push-down s to re  during the a n a ly s is  
sta g e . Then when the a n a ly s is  i s  completed an e d it in g  routine i s  
invoked which operates on the push-down s to r e  and the IMP statem ent 
to  produce the required tra n sla ted  statem ent. The e d it in g  routine  
that was devised to  achieve th is  i s  described  in  se c t io n  ( 3 *4 ) 
together with a l i s t  o f the transform ations performed during the  
second pass.
3 .2 .1  Checking the Syntax
The syntax d e f in it io n s  which contro l th e  second pass are so  
prescribed th at a l l  IMP statem ents are recogn ised , no matter now 
wrongly structured they are. However, th e  ta rg e t language con stru cts  
o f those d e f in it io n s  d escrib in g  an unacceptable phrase stru ctu re  
contain a four character error code. This code i s  subsequently  
generated in d ica tin g  th a t the corresponding IMP statem ent i s  
unacceptable.
3 .2 .2  Checking the Block Structure
IMP i s  a b lock -structured  language. Like ALGOL or PL/1, entry  
to  a new b lock , s ig n if ie d  by the processing  o f  a ‘^ feBEGIN statem ent or 
a routine heading corresponds to  an in crease  in  the le v e l  o f  
nomenclature.
I t  i s  important th a t th e  block stru ctu re  o f th e  input IMP 
program i s  correct and that at the end o f  tn e  program tn e le v e l  o f  
blocking i s  zero; otherw ise the th ird  pass cannot generate th e required  
symbol ta b le s  c o r r e c t ly . Normally a user w i l l  have te s te d  h is
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program w ith th e  IMP com piler before subm itting i t  fo r  tr a n s la t io n ,  
end. there w i l l  be no error in  the b locx  stru ctu re . However, to  
account fo r  the p o s s ib i l i t y  o f say a lo s t  card the block stru ctu re o f  
the program i s  checked by the second p ass.
As i t  i s  then r e la t iv e ly  sim ple, th e  second pass a lso  checks 
th a t the n estin g  ( s ig n if ie d  in  IMP by th e  brackets TART . . .
^FINISH ) and sequence o f  d e lim iters  %CYCLE . . .  ^REPEAT i s  c o n s is te n t .  
That i s ,  the f i e l d  defined  by one s e t  o f  brackets does not in te r s e c t  
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%RE PEAT
This check i s  performed in  tne fo llo w in g  way. During the  
processing o f an IMP program, each tim e an IMP statem ent i s  analysed  
which corresponds to  the beginning o f  a new block an a n a ly tic -ro u tin e  
( £50  or £51 ) i s  c a lle d  which makes a su ita b le  entry in  a push-down 
store  c a lle d  STAC say. S im ila r ly , when a statem ent beginning w ith  
the d e lim iter  %CYCLE or one contain ing $STAET i s  analysed , other  
a n a ly tic -ro u tin es  (£>5 2 , £ 53 or £54 ) are invoked to  make d if fe r e n t  
e n tr ie s  in  STAC. Whenever %END, ^FINISH or ^REPEAT i s  processed , 
a n a ly t ic -r o u tin e .( £57> or £56 ) checKs th a t tu e ton element o f  
STAC corresponds to  $BEGIN (or a rou tin e heading ) ,  L/&Sri'ART or ^CYCLE 
r e s p e c t iv e ly . The stacx  STAC i s  tnen popped-up. I f  the correspondence 
i s  not made then th e a n a ly tic -r o u tin e  sw itches on a v a r ia b le  in  a 
lo ca tio n  g lob a l to  the co n stru cto r -ro u tin es . During tne subsequent 
generation s ta g e , con stru ctor-rou tin e  ( ?04, ?02 or ?03 ) examines
tn is  variab le and. i f  i t  i s  switcned on tnen tne con stru ctor-rou tin e  
w rites a four cnaracter error code to  th e ta rg e t s tr in g . No error- 
: ecovery technique i s  attempted other then leav in g  the stack  STAC in  
i t ' s  previous s ta t e .  Thus, i t  i s  p o ss ib le  fo r  such an erro r-to  
propagate through tne r e s t  o f the program.
ORGANISATION OF THE SECOND PASS
Figure ( 3 ) i l lu s t r a t e s  tne organ isa tion  o f the second p ass. 
I n i t ia l ly  the main procedure reads the syntax d e f in it io n s  and 
target language con stru cts in  tabu lar form from f i l e  SYNTAB2.
Next fu n ction  READSS i s  c a lle d  which reads f i l e  I 1PSCAN and 
returns to  tne main procedure a copy o f su ccess iv e  scanned IMP 
statem ents. F i le  IMPSCAN, l ik e  f i l e s  IMPCHKD and IMPINT wnicn record  
the output from tne second and th ird  passes r e sp e c t iv e ly , has the  
fo llow ing  structure
fsL[ ~ " |sh | |SL| I bL| ~ ~ ~
I.r j stm t. IMP stm t. IiJP stm t.
 _______________________________  — ■ v__________________  _________________
I I*--1 record I IP record LIP record
SL stands fo r  a s tr in g -le n g th  in d ic a tio n . The IMP statem ent i s  
in  in tern a l form.
Function READSS a lso  breaks down compound co n d itio n a l statem ents 
( see sec tio n  (3»4) and apijendix (2) )which sometimes requ ires the  
construction  o f new la b e ls .  Thus th e d ictio n a ry  o f  names, comment 
and constants created during the f i r s t  pass must be referen ced . This 
dictionary i s  Kept in  a seq u en tia lly  organised f i l e  named IMPDICT and 
i s  read in to  core by tne f i r s t  c a l l  on READSS.
Before c a l lin g  tn e syntax an alyser, the main procedure examines 
tne f i r s t  ano. la s t  characters ana i f  necessary the length  o f  the
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scanned I IP statement in  order to  estim ate th e  type o f statem ent about 
to  be analysed. This estim ation  i s  not as p r e c ise  as th e statem ent- 
d escrip tion  code generated when an acceptab le IMP statem ent nas been 
processed. However by making i t ,  the subsequent a n a ly s is  i s  speeded 
up. For example, i f  tne f i r s t  character in  tn e statem ent i s  that 
corresponding to  the d e lim iter  (;iEND, then tn e  analyser i s  invoked  
witn the m eta-variable < S09> as a root node. I f  th e  m eta-variable  
<So> had been the root node , as i t  would have to  have been had the  
estim ation  not been made, then tne analyser would f i r s t  have examined 
<S01>, <£02> e tc .  (see  appendix (3) )•
The an a lysis  o f an IMP statement i s  c o n tro lled  by tn e syntax . 
d e fin it io n s  snown in  appendix (3)» During th e a n a ly s is , a n a ly t ic -  
routines may be invoked to  check the block stru ctu re  o f tn e  program 
or to  record inform ation fo r  any ed it in g  to  be done. As already  
noted, an IMP statement i s  always recogn ised . The r e su lt in g  syntax  
tree  i s  w ritten  to  a storage structure maintained by rou tin e OUTFJT 
in  the form o f a threaded l i s t .
Following tne a n a ly s is , an ed itin g  rou tin e  i s  invoked which 
operates on inform ation recorded in  a stack  by tne a n a ly t ic -r o u tin e s ,  
to  perform any required te x tu a l transform ation o f  the IMP statem ent. 
The processed statement i s  returned to  the main procedure.
Next tne generation  routine i s  c a lle d  w ith  t£ie se t o f  target  
language constructs read from f i l e  0YNTAE2 as a parameter. This 
routine operates on the threaded l i s t  m aintained by routine OUTPUT, 
p ossib ly  invoking con stru ctor-rou tin es in  tn e p rocess. Tne length  o f  
the generated ta rg et s tr in g  i s  examined. This s tr in g  i s  a statem ent- 
d escrip tion  code.
I f  xhe length o f  the ta rg e t s tr in g  i s  two, i t  in d ic a te s  tne  
statem ent was processed s u c c e s s fu lly . The s tr in g , which i s  a two 
d ig it  in teg er  d efin in g  the type o f statem ent analysed i s  prefixed  
to  the processed IMP statem ent. This record i s  then w r itten  to  th e  
f i l e  IMPCHKD togeth er w ith a s tr in g -lo n g th  in d ication *
I f  the s tr in g  length  i s  g rea ter  than two then an error has been 
found. The target s tr in g , which i s  then an error code i s  reduced to  
an index to  the f i l e  DGNST1C, th e  entry o f which i s  a corresponding 
error message. This message i s  w r itten  ou t. The f i l e  DGNST1C i s  
declared in  PL/1, INDEXED.
Processing i s  continued by c a l l in g  READSS fo r  the next statem ent. 
When the statement
/END /OF PROG RAM j 
or /END /OFFILE j 
has been fu lly  processed tjae second pass i s  term inatedj th ese  
statem ents s ig n ify in g  that th e I IP program i s  f in is h in g .
3»4 TEXT EDITING
In sec tio n  (3*4*1) below i s  described th e  method o f  performing a l l  
the te x t  transform ations made by the second pass w ith the fo llow in g  
exception . Compound co n d itio n a l statem ents and statem ents beginning  
w ith the d elim iter  /UNLESS are reduced to  the sim pler form 
/I F  <UBSC> /THEN /START ; 
by an in ter fa c e  routine c a lle d  READSS. This process i s  described  
fu rth er in  appendix ( 2 ) .  S ection  (3*4*2) l i s t s  th e p a rticu la r  
transform ations made by the second p ass.
3»4»1 Method o f  Performing Text Transformations
Text transform ations o f th e  scanned IMP statem ents are performed, 
a statement at a tim e, by invoking an & lytic-routin es during tne  
an a lysis  o f a statem ent. These a n a ly tic -r o u tin e s  record on a stack  
inform ation d efin in g  the e d it in g  to  be aone. Each element o f the stack  
has storage fo r  tnree v a r ia b les; PTR and L ( botn in te g e r s  ) and 
INSERT ( a var ia b le  length  character s tr in g  ) .  PTR p o in ts  to  the  
p o sitio n  in  the scanned IMP statem ent where tne e d it in g  i s  to  be done,
L records the type ( i . e .  whetner d e le tio n , in se r t io n  or replacement ) 
and extent o f the ed it in g  and INSERT sto res  ( i f  necessary ) a 
character s tr in g  to  be in serted  in  the statem ent.
When the a n a ly sis  o f a p a rticu la r  statem ent i s  com pleted, an
ed itin g  routine i s  invoked which performs th e required transform ations. 
This ed itin g  routine i s  described by the block diagram shown in  f ig u re
(4)* In tn is  f ig u re  the s tr in g  referred  to  i s  th e  scanned IMP 
statement and LENGTH i s  a fu n ction  returning tn e  character s tr in g  
length  o f i t ’ s arguement. The reference ta b le  mentioned i s  an array 
d efin in g  the correspondence between the p o s it io n  o f a character in  
the scanned IMP statement and i t ’ s p o s it io n  in  th e processed statem ent. 
I f  an attempt i s  made to  e d it  te x t  tnat has been p rev iou sly  d e le te d , 
th is  correspondence i s  undefined ( FTR=0 )•  Such a s itu a t io n  should  
not a r ise  during the sim ple e d it in g  required by the second p ass.
3*4»2 Text Transformations made by the Second Pass
Below are l i s t e d  the te x t  transform ations performed using the  
ed itin g  routine described above. As already noted , the reduction  o f  
compound con d ition a l statem ents i s  made sep a ra te ly  by an in te r fa c e
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routine (appendix ( 2 ) ) ,  Tne transform ations are best discussed, by 
le feren ce  to  tne syntax d e f in it io n s  c o n tr o llin g  tne second pass wnicn 
are shown in  appendix ( 3 ) .  I t  can be noted by examining d e f in it io n s  
( 7 1 ) > (265) and ( 269) that th e  tr a n s la to r  a ccep ts , and la te r  
appropriately tr a n s la te s  to  PL/1, r e so lu tio n s  o f  tn e form
/I F  T -> S ( '* » )  ;
tnougn the current IMP co-upiler does not accept sucn a con stru ction .
(1} 74 and 76 Iso la ted  /START statem ents and tn e ir  a sso c ia ted
/FINISH statem ents are d e le te d .
(2 ) 139* 160 and l 6 l  The p r e fix  operator to  arith m etic  exp ression s
i s  elim inated ( i f  i t  e x i s t s )  by
(a) Replacing the phrase\<OPEKAND> by (Occcc -  <0PERAN1)»
where the character s tr in g  Occcc rep resen ts th e in tern a l
code o f in teg er  minus one.
(b) Replacing tne phrase -<OFERAND> by (Odddd -  <OPERAND))
where the character s tr in g  Odddd rep resen ts th e  in te r n a l
code o f in teg er  zero .
(c ) D eleting  the p r e f ix  operator + •
The e lim in ation  o f the p r e fix  operator means th a t in  th e th ird  
pass the a n a ly s is  o f aritn m etic  exp ression s may be achieved using  
r ig h t-recu rsiv e  syntax d e f in it io n s  whicn turns out to  be very  
u sefu l ( see  sec tio n  ( 4 *3 ) ) •
( 3 ) 162 to  173 Thesu d e f in it io n s  perform th ree  ta sk s
(a) The n u ll operator rep resen ting  im plied m u lt ip lic a t io n  in
IMP i s  sp e c if ie d  e x p l i c i t ly  by in s e r t in g  tne d e lim iter  * •
(b) The lo g ic a l  operator 'e x c lu s iv e  o r ' ,  represented  in  IMP by
the symbols 11 i s  replaced by th e sp e c ia l d e lim ite r  / N E V .
(c ) Modulus s ig n s , represented in  IMP by tne symbol ! are 
replaced by the sp e c ia l d e lim iter  %M.
Besides i t ' s  meaning described  in  (b) and (c )  above, the symbol 
! i s  a lso  used in  IMP to  denote the lo g ic a l  ' in c lu s iv e  or' 
operator#
The IMP language manual ( KRCC 'JO ) s ta te s  th a t im plied  
m u ltip lica tio n  can only be used in  exp ression s where there i s  no
ambiguity. However, the phrase ! A ! J B ! ! C ! fo r  example
i s  accepted by the current IMP com piler ( r e lea se  7> version  11 ) 
but i s  ambiguous. I t  could be w ritten  out by the second pass as 
%M A y>NEV B frNEV C frM
or A J B i C j b i
or ° M  A * ) >'H B C
A short s e r ie s  o f t e s t s  on th e current IMP com piler has suggested  
a precedence concerning th e  symbol I and the n u ll operator
I ! -  most binding
! ( in c lu s iv e  or) and n u ll operator
! (modulus) -  le a s t  binding
and th is  i s  fo llow ed in  the second p ass. Thus the phrase above 
i s  tra n sla ted  as
%l l  A %NEV B %NEV C io'A  
I t  i s  understood th a t in  the near fu ture a new d e lim iter  i s  to  be 
introduced by the E.R.C.C. to  represent tn e modulus s ign  wnich 
w il l  reso lv e  the above am biguity.
To achieve the necessay tr a n s la t io n  o f  th e  symbol I , the  
second pass must perform a sm all amount o f c o n te x t -s e n s it iv e  
syntax an a ly sis; th e  only tim e c o n te x t -s e n s it iv e  a n a ly s is  i s
59*
needed during tne second pass*
(4) 110 Tne phrase ^PftlNTTliXT <STHINGr> i s  re in terp reted  as 
PRIHfoTRING- (< S T R IR d > ). PRIhTSTRIHG i s  an IMP lib r a ry  fu n ction .
(5) 120 and 121 Tne statement
^MONITOR %ST0P ; 
i s  re in terp reted  as two separate sta tem en ts.
(6) 206 The IMP te x t  i s  transformed to  remove n am elists  from 
formal parameter l i s t s ;  the formal parameter d e lim iter  being  
repeated as n ecessary .
(7) 209 The op tion a l comma i s  removed.
(0) 22 9 , 2^0 and 231 iin operator p refixed  to  an in teg er  signed
constant i s  applied  to  the in te r n a l form o f  the constant and so  
elim inated .
(9) 269 R esolutions are converted in to  self-em bedding productions
by the in trod u ction  o f a sp e c ia l d e lim ite r , f o B t i l N •
(10) 264 The sp e c ia l d e lim iter  yoii'RM i s  su b stitu te d  fo r  the symbols K
CHAPTER 4
THE THIRD PASS
4 .1  INTRODUCTION
The task  o f  the J t Ol pass i s  to  perform a c o n te x t - s e n s it iv e  syntax  
a n a ly s is  the IMP source progr^am. , The te x t  i s  tra n sla ted  to  a form 
c a l le d  IMP(lNT). IMP(lNT) i s  an in te r n a l form o f  a subset o f  the 
IMP(SYS) language, augmented by markers (such as the statem ent type 
markers and the d e lim iter  $RSLV introduced during the second p a ss ) .
The syntax o f IMP(lNT) i s  d efin ed  by the r u le s  shown in  appendix ( 5 ) .
To perform the c o n te x t - s e n s it iv e  a n a ly s is ,  lo o s e ly  re ferred  to  
as sem antic a n a ly s is  here, a knowledge o f  the a t tr ib u te s  o f  the 
id e n t i f ie r s  i s  required. These a ttr ib u te s  are found in  d ec la ra tio n s  
and in  the way the id e n t i f ie r s  are used in  the program, and they are 
c o l le c te d  and stored  in  a symbol ta b le . The co n stru ctio n  o f  the symbol 
ta b le  used by th is  tra n sla to r  and the technique used to  crea te  and access  
i t  i s  described  in  se c t io n  ( 4 . 3 )*
The pass i s  s u c c e s s fu lly  achieved  by f i r s t  a n a ly s in g  in d iv id u a l 
statem ents in  the IMP source te x t  and then gen erating  IMP(lNT) te x t  
u sin g  the techniques described  in  Chapter ( 2 ) .  A n a ly tic -r o u tin e s  and 
cons true to r -ro u tin es  are used to perform the necessary  sem antic a n a ly s is .  
The organ isa tion  o f  the th ird  pass i s  described  in  g rea ter  d e t a i l  in  
s e c t io n  ( 4 . 2 ) .
One o f  the most d i f f i c u l t  problems a sso c ia te d  w ith  the th ird  pass 
was concerned with the 'ty p in g ' o f  ex p ress io n s . The syntax o f  
IMP(lNT) requ ires th at every gen era l exp ression  i s  p refix ed  by a 'type  
m arker'. This problem i s  expanded on in  se c t io n  (4 .4 )  to geth er  
w ith  the methods used to so lv e  i t .
A f u l l  d escr ip tio n  o f  a l l  the te x t  transform ations made by the  
th ird  pass i s  g iven  in  se c t io n  ( 4 .5 ) .  Included i s  a b r ie f  d escr ip tio n  
o f  the in d iv id u a l methods used to a f f e c t  these tran sform ation s.
4 .2  ORGANISATION OF THE THIRD PASS
In gen era l, the th ird  pass i s  on ly  attem pted so long  as the 
second pass has not d iscovered  any syntax errors or any ’u n tra n sla ta b le '
IMP phrases.
Figure (5 ) i l lu s t r a t e s  the o rg a n isa tio n  o f  the th ird  p ass. The 
tra n s la tio n  o f  the te x t  from the s y n ta c t ic a l ly  v e r i f ie d  form to  IMP(lNT) 
i s  achieved u sin g  the syntax a n a lyser  and gen eration  rou tin e  described  
in  Chapter (2 ) .  The gen eration  rou tin e i s  used to  d ir e c t ly  generate  
the IMP(INT) t e x t .
I n i t ia l l y  the main procedure reads from f i l e  SYNTAB3 the syntax  
d e f in it io n s  used to  con tro l the a n a ly s is ,  and th e ir  a s so c ia te d  ta rg e t  
language con stru ction s in  tab u lar form. Next the main s e t  o f  a n a ly t ic -  
rou tin es (denoted a n a ly t ic -r o u tin e s  3 in  fig u re  ( 5 ) )  fo r  the th ird  pass 
are in i t i a l i s e d .  This in v o lv e s  read ing from f i l e  LIBRTS the names o f  a l l  
in t r in s ic  and im p lic i t ly  s p e c if ie d  ro u tin es  o f  the IMP language lib r a r y  
together w ith th e ir  a t tr ib u te s  and load in g  th is  in form ation  in to  the 
symbol ta b le . These lib r a r y  ro u tin es  are trea ted  as i f  they had been 
declared in  the outermost b lock . In a d d itio n , the syntax d e f in it io n s  
needed to type a co n d itio n a l statem ent (se e  s e c t io n  (4 . 4 ))  are read from 
f i l e  SYNTABU in  tabular form.
Next, a record o f  an IMP statem ent i s  read from f i l e  IMPCHKD.
This record c o n s is ts  o f  a s tr in g  len g th  in d ic a t io n , the statem ent type 
code defined  by the second p ass, and a v a r ia b le  length  ch aracter  s tr in g  
representing  the IMP statem ent. The appropriate root node ( <S1> ,
< S 2 > ... or <S38> in  appendix ( 4 ) )  i s  ca lcu la ted  from the statem ent type 
code and con tro l i s  passed to  the syntax a n a ly ser .
Each input IMP statem ent i s  s y n ta c t ic a l ly  analysed  u sin g  the 
method described in  Chapter 2 . A n a ly tic -ro u tin es  may be invoked to  perform  
any necessary sem antic a n a ly s is .  This might in v o lv e  a re feren ce  to  the  
symbol tab le or the co n stru ctio n  o f  a new id e n t i f i e r  ( in  which case  
f i l e  IMPDICT must be r e fe ren ced ). I f  a co n d itio n a l statem ent i s  
encountered then the a n a lyser  i s  invoked r e c u r s iv e ly  and a second s e t  
of a n a ly t ic -r o u tin e s  referen ced  (denoted a n a ly t ic -r o u tin e s  B in  fig u re
( 5 ) ) .  This process i s  described  in  s e c t io n  ( 4 . 4 ) .
The analyser b u ild s up a syntax tree  and th is  syntax tree  i s  
w ritten  to a storage stru ctu re  m aintained by rou tin e OUTPUT.
When the input statem ent has been s u c c e s s fu l ly  passed , the 
generation  routine i s  invoked, w ith  the s e t  o f  ta rg e t language 
con stru ction  read from f i l e  SYNTAB3 as a parameter. This rou tin e  
operates on the syntax tree  stored  in  rou tin e OUTPUT and generates a 
statem ent in  IMP(lNT) form. The generated statem ent w i l l  have p refixed  
to  i t ,  a statem ent type code, s l ig h t ly  d if fe r e n t  to  th a t read from f i l e  
SYNTAB3.
The IMP(lNT) statem ent i s  w r itten  to  f i l e  IMPINT togeth er  w ith  
i t s  type code and a s tr in g  len gth  in d ic a t io n . Then the next IMP 
statem ent record i s  read from f i l e  IMPCHKD. The process continues  
u n t i l  the statem ent
%ENUOPPROGSAM ;
or #ENDOFFILE ;
i s  processed, which denotes th a t the IMP source program i s  f in is h in g .
Then the symbol tables and th e ir  a s so c ia te d  l i s t s  are w r itten  to  the 
se q u e n tia lly  organised f i l e s  IMPIDS and IMPIDSA.
I f  so in stru cted , the IMP(lNT) te x t  can be converted back to  a 
subset o f IMP(SYS) on com pletion o f  the th ird  p a ss. This request i s  
a ffe c te d  by the in se r t io n  o f  a parameter in  the re lev a n t jo b -co n tro l 
card. This in vo lves the e lim in a tio n  o f  a l l  the introduced markers and 
sp e c ia l d e lim iters  and the reconversion  o f  the in te r n a l coded form o f  
the program to a card-image form at. This output program should be 
capable o f being compiled by the IMP com piler.
I f  a semantic error i s  d iscovered  in  the input te x t  then no 
fu rth er p rocessing  i s  attem pted. A message i s  prin ted  out in d ic a t in g  
the statem ent th at the error occurred in  and the cause o f  erro r .
In gen era l, no fu rth er tr a n s la t io n  o f  the IMP program w i l l  then be 
attem pted.
The th ird  pass uses a t  most 118 a n a ly t ic -r o u tin e s  (p lu s  a fu rth er  
20 a n a ly tic -r o u tin e s  fo r  the typ in g  o f  co n d itio n a l s ta tem en ts).
4 .5  SYMBOL TABLES
As a lso  described by Gries (G ries 70) a symbol ta b le  a s so c ia te s  
w ith each id e n t i f ie r  used in  a program a 'd e sc r ip to r ’. This d escr ip to r  
s to r e s , in  coded form, a l l  the in form ation  about the id e n t i f i e r  necessary  
to  perform a semantic a n a ly s is  o f  the program.
A ll symbol ta b le s  have the general form shown in  diagram (4 * l)  
on page 4b •
When d ea lin g  w ith  b lock  structured  languages such as IMP, i t  
i s  necessary  to  be ab le to d if f e r e n t ia t e  w ith in  the symbol ta b le s  between 
id e n t ic a l ly  s p e lt  id e n t i f ie r s  which are declared  and used in  d if fe r e n t  
b lo ck s. Such id e n t i f ie r s  are g iven  the same fo u r-ch aracter  d ic tio n a r y  
key by the f i r s t  pass.
This d if fe r e n t ia t io n  i s  made here by making the argument o f  
the symbol tab le  the id e n t i f i e r  concatenated w ith an in te g e r  ( in  the 
form o f  a  tw o-character s tr in g )  d e fin in g  the block in  which the  
id e n t i f i e r  was declared . This technique i s  a lso  described  by G ries 
(G ries 70) fo r  example.
The convention i s  taken th a t the outerm ost b lock  o f  the IMP 
program i s  numbered zero . Each block i s  then numbered in  the order in  
which i t  i s  opened during a top-down parse o f  the program. In th is  way 
a unique in te g e r , c a lle d  the b lock sequence number say , i s  a sso c ia te d  
w ith  every b lock . To convert the signed  in te g e r  to  a s tr in g  su ita b le  fo r  
concatenation  w ith an id e n t i f i e r ,  the lo c a tio n  the in te g e r  i s  stored  in  
i s  o v er la id  on a tw o-character s t r in g .  (This s tr in g  i s  not u su a lly  
’p r in ta b le 1) .  The maximum block- sequence number u s in g  t h i s :technique 
i s  32,767 which i s  considered q u ite  large enough.
The ru le  for  fin d in g  the co rrec t d ec la ra tio n  corresponding  
to  the use o f  an id e n t i f i e r  i s  to  look f i r s t  in  the current block  
(the one where the id e n t i f i e r  i s  u sed ), then the surrounding b lock , and 
so on u n t i l  a d ec lara tion  o f  th a t id e n t i f i e r  i s  found. Each surrounding  
block  i s  sa id  to be a t  a lower l e v e l  o f  nomenclature or b lock in g  to  
the referen ce one. During the p ro cessin g  o f  an IMP program an array  
i s  keptrecording the block sequence number a t  each a c t iv e  le v e l  o f  
nomenclature a t any p a r tic u la r  tim e. This array i s  referen ced  whenever 
a d ec la ra tio n  o f an id e n t i f i e r  i s  not found in  the current b lock .
There are two d is t in c t  problems a sso c ia te d  w ith  symbol ta b le s .
(1 ) the format o f the d escr ip to r  and
(2 ) the o rgan isa tion  o f  the symbol ta b le s .
These problems are d iscu ssed  under separate headings below.
In a d d ition  to  the main symbol ta b le s ,  the th ird  pass keeps a 
second type o f  tab le  fo r  sem antic a n a ly s is .  This i s  d iscu ssed  in  
se c t io n  (4 .3*5) under the heading ’RFTABLE*.
F in a lly , the main symbol ta b le s  constructed  during the th ird  
pass are a ls o  referenced  by the fou rth  p a ss, which a t  the time o f  
w ritin g  i s  a separate job s te p . Thus the symbol ta b le s  must be capable 
o f  being w r itten  to , and read from, the d is c .
4 .5 .1  The D escrip tor
4 .5 .1 .1  Data Structures
The amount o f  inform ation which a d escr ip to r  needs to  store  
depends on what the a sso c ia ted  id e n t i f i e r  i s j  th a t i s  whether the 
id e n t i f i e r  has the a t tr ib u te  sim ple v a r ia b le  or fu n ctio n  or la b e l e tc .
This can be accounted fo r  by having varying length  d esc r ip to r s  or a l lo c a t ­
in g  two or three say , su ccess iv e  symbol ta b le  elem ents fo r  id e n t i f ie r s  
req u ir in g  ex tra  space. A more popular techn ique, used by the ALGOL-to- 
PL/l tr a n s la to r  fo r  example, i s  to  have separate symbol ta b le s  fo r  
d if fe r e n t  types o f  id e n t i f i e r s .  Yet another technique i s  to  use part 
o f the d escr ip to r  f i e l d  as a p o in ter  to  a secondary ta b le  or l i s t  when 
ex tra  space i s  required .
This la s t  method was th at adopted by the th ird  p a ss . The 
d escr ip to r  f ie ld  was made large enough to  hold  a l l  the necessary  
inform ation fo r  a l l  but two types o f  id e n t i f i e r s .  Then a p o rtio n  o f
the d escr ip to r  f i e l d  was used as a p o in ter  to a lin k ed  l i s t  d escr ib in g
(contd . on page 47*)
Diagram (4*1) 
Tne General form of a Symbol Tables





Diagram to  snow th e form ation o f  tne L is t s  pointed  to  by the D escrip tors  
o f IMP record v a r ia b les  and <RT> type v a r ia b le s :
parameters o f type v a r ia b le
d escrip tor
elem ents o f a record v a r ia b le
Diagram (4»b)
Diagram to  i l lu s t r a t e  tne metnoa o f  indexing tne areas contain ing th e




tne array o f  
p oin ters
the a d d itio n a l a t tr ib u te s .  The two types o f  id e n t i f i e r  u sin g  th is  
stru ctu re were
(a) IMP record va r ia b les  (th e se  are data aggregates whose elem ents
may be o f  d if fe r e n t  ty p e s ) . The lin k ed  l i s t  then d escr ib es  the a t tr ib u te s  
and names o f each element o f  the record .
(b) <RT> type v ariab les  i . e .  r o u tin e s , fu n ction s and maps. The link ed  
l i s t  then described the parameters o f  such v a r ia b le s . The d escr ip to r  
f i e ld s  for  such id e n t i f ie r s  can thus be described  by d iag  (4*2) on 
page 46.
From th is  diagram i t  can be noted th a t
(a ) an elem ent o f an IMP record may p o in t to  another record
(b) the la s t  element o f  a l i s t  i s  en closed  by a sp e c ia l en try  in  
i t s  p o in ter f i e ld ,  ( i t  i s  sa id  to  be h o n o r e d * .)
(c )  id e n t i f ie r s  other than records or ro u tin es  have the p o in ter  
f ie ld s  o f th e ir  d escr ip to rs  undefined .
4 .5 .1 * 2  Storage Structure
The d escr ip tor  which occu p ies %  b i t s  o f  storage has the  
fo llo w in g  storage structure
1-3 4-11 12-14 15 16-17 18 19 20-24 25-56
TYPE QUAL DIM AP VP USED INTNC ANO AOFF
ANO and AOFF represent th a t part o f  the d escr ip to r  which p o in ts  
to  a link ed  l i s t .  A problem in  the format o f  th is  f i e l d  was created  
by the fa c t  that the symbol ta b le s  and the a sso c ia te d  l i s t s  must be 
w ritten  to  d isk . This i s  d iscu ssed  fu rth er  below.
The meaning o f the o th er s u b - f ie ld s  o f  the d escr ip to r  i s  
given  in  appendix (8 ) .  Note th a t more inform ation  i s  stored  than i s
s t r i c t l y  needed for  the tr a n s la t io n  to  P L /l. For in s ta n c e , i t  i s  not
n ecessary  to  store  la b e ls  in  the symbol ta b le s .  This a d d itio n a l 
inform ation i s  recorded fo r  a sense o f  'com pleteness*.
The e a s ie s t  way to  b u ild  up a v a r ia b le  len gth  link ed  l i s t  l ik e
those mentioned in  the previous s e c t io n  i s  to  use an a b so lu te  machine
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address as the poin ter to  each l i s t  elem ent. This i s  e a s i ly  implemented 
in  PL/l by the pse o f  BASED v a r ia b le s .
However the value o f such p o in ters  becomes m eaningless across  
input/ou tput when d if fe r e n t  areas o f storage fo r  the l i s t  elem ents might 
be used . And the l i s t s  b u ilt  up by the th ird  pass must be w r itten  to ,  
and read from, a d isk  f i l e  i f  they are to  be referenced  in  the fourth  
pass (a  d if fe r e n t  job s te p ) .
To overcome th is  problem, PL/l a llow s l i s t s  to  be b u i l t  up in  
a s p e c if ic  area o f  storage , termed an AREA v a r ia b le . The p o in ters  used  
to q u a lify  the elem ents o f such l i s t s  (termed OFFSETS) are not ab so lu te  
machine addresses but are addresses defined  r e la t iv e  to  the s ta r t  o f the  
area . During output the area o f storage con ta in in g  the l i s t s  i s  w r itten  
to  a d isk  f i l e .  When la t e r  input, th is  area co n ta in in g  the l i s t s  i s  
read in to  another AREA v a r ia b le , whose ab so lu te  address i s  known. The 
o f f s e t  v a r ia b les  q u a lify in g  the elem ents o f  the l i s t s  can then be 
e a s i ly  converted to absolu te machine addresses by re fe ren c in g  the ab so lu te  
address o f  the new AREA v a r ia b le . Most o f  th is  ’housekeeping' i s  done 
by the PL/l com piler.
During the crea tio n  o f  the l i s t s ,  whenever an area becomes f u l l ,  
a new area i s  a llo ca ted  and the con stru ction  o f  the l i s t s  con tinues in  
t h is  new area. In th is  way, the tr a n s la to r  i s  n ot lim ite d  in  any way 
by the s iz e  o f  the IMP program. Thus each p o in ter  con ta in s two f i e l d s ,  
an OFFSET variab le  and an index to  the p a r tic u la r  area referen ced . This 
i s  in  fa c t  an index to  an array o f  p o in te r s . This i s  i l lu s t r a t e d  by 
d ia g . (4 .3 )  on page 4b*
Within the d escr ip to r , the OFFSET v a r ia b le  and the index to  the 
array o f  p o in ters are kept in  th e ir  in tern a l ( b i t )  form.
N.B. I t  i s  an implementation r e s t r ic t io n  o f  the current P L /l com piler  
th a t the d eclara tion  o f  AREA(*) based v a r ia b les  i s  n ot a llow ed . Thus 
when an area becomes f u l l ,  the area cannot be r e a llo c a te d  w ith  a la r g er  ' 
f i e l d .  Thus the above technique, u sing  an array o f p o in ters  i s  n ecessary .
Each element o f  a l i s t  which d escr ib es a parameter has the 
fo llo w in g  stru ctu re .
TYPE QUAL DIM AP VP POINTER
17 b i t s
The s u b -f ie ld s ,  TYPE, QUAL, DIM, AP, VP have the same s ig n if ic a n c e  
as the f ie ld s  described in  appendix (8). POINTER p o in ts  to  the next elem ent 
o f the l i s t  (or i s  'anchored’ ) .  I t  i s  composed o f  an index to  the array  
o f  p o in ters and an OFFSET v a r ia b le  as before but i s  not stored  in  a b i t  
rep resen ta tion .
Each element o f  a l i s t  which d escr ib es  an elem ent o f  a record  
has the fo llo w in g  structure
NAME DESCRIPTOR POINTER
56 b i t s
NAME i s  the fou r-ch aracter  key to the elem ent name supp lied  by 
the f i r s t  pass. The format o f  the d escr ip to r  f i e l d  i s  id e n t ic a l  to th a t  
o f  appendix (8 ) .  POINTER has the same co n stru ctio n  as fo r  elem ents o f  
parameter l i s t s .
The POINTER f ie ld s  o f  the term inal e n tr ie s  in  a l i s t  are 
'anchored' using the PL/l fu n ctio n  NTJLLO.
4 .5 .2  ORGANISATION OF THE SYMBOL TABLE
Like most tra n sla to rs  ( in c lu d in g  com p ilers), the th ird  pass may 
referen ce the symbol tab le many tim es during the a n a ly s is  o f  a s in g le  
exp ression . Thus the organ isa tion  o f  the symbol tab le  can s ig n if ic a n t ly  
a f f e c t  the speed w ith which a tr a n s la t io n  i s  a f fe c te d .
Probably the most freq u en tly  used method o f  o rg a n is in g  a symbol 
ta b le  i s  that based on hash ad d ressin g . Hash ad d ressin g  a s s o c ia te s  a 
number w ith a ch a ra cte r -str in g  argument. For a symbol ta b le , th is  
argument i s  u su a lly , the id e n t i f i e r  name.
In general, i t  w i l l  o fte n  occur th a t the same number i s  a sso c ia ted  
w ith  d if fe r e n t  arguments. When such a s itu a t io n  a r is e s ,  i t  i s  known as 
a c o l l i s io n .  Hopgood (Hop 6 9 ) g iv e s  a good account o f  the various methods 
o f  re so lv in g  th is  problem, such as rehashing and ch ain in g .
The argument o f  the symbol tab le  con stru cted  by the th ird  pass 
i s  a s ix -ch a ra cter  s tr in g  composed o f  an id e n t i f i e r  in  the form o f a 
fou r-ch aracter  key to the d ic tio n a r y  constructed  by the f i r s t  p ass, 
concatenated to a two character number d e fin in g  the b lock in  which i t  was 
d eclared .
The hash function  adopted i s  s im ila r  to  th a t used by the PL /l 
com piler. The s ix  character argument i s  o v er la id  in to  three double-byte  
in te g e r  s to res  which are then added togeth er (w ith  a no-overflow  con d ition  
a tta ch ed ). The r e s u lt  i s  d ivided  by 211; the remainder being  the number 
a sso c ia te d  w ith that s tr in g .
This number i s  the index to  a ’hash t a b le ’ . The elem ents o f  
the hash tab le  are not the d escr ip to rs  a sso c ia ted  w ith  the hashed 
id e n t i f i e r s  but p o in ters to  the symbol ta b le  proper as i l lu s t r a t e d  by 
d iag  ( 4 . 4 ) on page 51.
An element o f the symbol tab le  was composed o f  three f i e l d s .
IDENTIFIER DESCRIPTOR CHAIN
CHAIN i s  a poin ter f i e l d .  I t  i s  the im plem entation o f  the  
ch a in in g  method o f  so lv in g  the ' c o l l i s io n s '  problem. I f  an id e n t i f i e r  
i s  hashed to a lo c a tio n  in  the symbol tab le  which has a lready been f i l l e d  
then i t  i s  put in  the next free  lo c a tio n . The address (in d ex ) o f  th at  
lo c a tio n  i s  then placed in  CHAIN. I f  CHAIN was f u l l  to o , then the  
lo c a tio n  i t  pointed to  i s  examined and the^process rep eated .
The data structure fo r  th is  symbol ta b le  can be represented  
by d ia g . 4 .5  on page 51 . I t  can be noted than when one symbol tab le  
becomes f u l l ,  another i s  a llo c a te d .
The data structure described  above i s  implemented in  the PL /l 
program by using  an array o f  stru ctu res  to rep resen t a symbol tab le  and 
d ec la r in g  i t  BASED. When th is  array becomes f u l l ,  another array i s  
a llo c a te d . The hash tab le  i s  an array o f  211 e lem en ts.
4 .3 .3  RFTABLE
In IMP a data stru ctu re i s  defined  by a record format statem ent. 
Record type id e n t i f ie r s  are then declared by referen ce  to  a p rev io u sly  
s p e c if ie d  record format. This reference c o n s is t s  sim ply o f  the record  
format name, thus
R^ECORD F^ORMAT STRUCT( I^NTEGER I ,  %REAL A,B )
R^ECORD R(STRUCT)
(con td . on page 5 2 . )
Diagram (4*4)
Diagram snowing metnoa o f hash addressing:
a escr ip to r  






symbol ta b le
Diagram (4*3)
Data structure o f symbol ta b le  snowing method o f  Chaining:
nasn
ta b le
symbol ta b le  1 symbol ta b le  2
The th ird  pass keeps a sp e c ia l ta b le  which a s so c ia te s  w ith  
each record format name, a p o in ter to  the l i s t  d escr ib in g  the data  
stru ctu re . Concatenated w ith each record format name i s  a b lock  
sequence number, as described  a t the beginning o f  s e c t io n  (4*3)*
The organ isation  o f th is  tab le  i s  e x a c t ly  the same as th a t o f  the symbol 
ta b le . The d escr ip tor  c o n s is ts  o f a p o in ter , ANO and AOFF .
ANO AOFF MARK
37 b it s  1 b i t
as before concatenated w ith  a marker, MARK, th a t i s  s e t  to  fl 'B  only  
i f  the record format contains a record p o in ter . This in form ation  i s  
needed by the fourth  p ass.
The th ird  pass rep laces a l l  in teg er  la b e ls  by tra n s la to r -cre a ted  
names. RFTABLE i s  used to a s so c ia te  each in te g e r  la b e l w ith  i t s  new 
name. The in teg er  la b e l i s  the argument and the d escr ip to r  i s  the 
a sso c ia ted  generated name (four characters or th ir ty -tw o  b i t s ) .
The in teg er  la b e l i s  o v er la id  on a fou r-ch aracter  lo c a tio n  to  
produce the desired  ch a ra cte r -str in g  argument o f  RFTABLE. S ince the 
maximum value o f  an in teg er  la b e l in  IMP can on ly  be I 6383 , the l e f t ­
most two characters in  th is  argument are always hexa-decim al 0000.
The four character keys to  the id e n t i f i e r  d ic tio n a r y  con stru cted  
during the f i r s t  pass are such th at th e ir  le ft -m o s t  two ch aracters are 
never hexa-decim al 0000. Thus there can never be any confusion  between 
in te g e r  la b e ls  and record format names.
4 .4  EXPRESSION TYPING
The s p e c if ic a t io n  o f IMP(lNT) req u ires a l l  ex p ress io n s , but 
those such as su bscrip t l i s t s  which are co n tex tu a lly  d efin ed  as in te g e r , 
to  be prefixed  by a type marker (appendix ( 5 ): 336). In the case o f  a 
s tr in g  expression  th is  type marker a lso  in c lu d es a len gth  d es ig n a tio n .
In IMP i t  i s  o ften  im possib le to d e fin e  e x a c t ly  the type o f  
exp ression  being examined u n t i l  i t  has been com pletely  parsed. Using 
techniques d iscussed  in  Chapter ( 2 ) i t  would not be d i f f i c u l t  to  in s e r t  
a type marker a t th is  s ta g e , but there i s  a fu rth er  com p lica tion .
The rea c tio n s  o f the IMP and PL/l com pilers to f in d in g  a constant  
in  an a r ith m etic  expression  d i f f e r  co n sid erab ly . According to  the  
current manual (IBM 7 0 ), the P L /l com piler types a constant by appearance 
o n ly . The a c t io n  o f  the IMP com piler i s  not e x p l i c i t l y  d efin ed  in  the 
current manual (ERCC 70) but the author understands th a t a l l  con stan ts  
are i n i t i a l l y  placed in  double len g th  f lo a t in g  poin t (lon g  r e a l)  lo c a tio n s  
and reduced to  s in g le  length  or in te g e r  form i f  the con text so a llow s i t .  
This d iffe r e n c e  could produce an error between an IMP source program 
and the PL /l tra n sla ted  program ■unless s p e c ia l a c tio n  i s  taken.
Consider the fo llo w in g  IMP assignm ent statem ent
SRV = 3 .61728@1 * 4 .236@5 * LRV
where SRV rep resen ts a short r e a l v a r ia b le  and LRV rep resen ts a long  
r e a l  v a r ia b le .
The IMP com piler (because o f  the presence o f  LRV) performs the 
whole ev a lu a tio n  o f the right-hand s id e  double len g th , the two con stants  
rem aining in  th e ir  double len gth  f lo a t in g  poin t lo c a t io n s .
When p rocessin g  a s im ila r  statem ent in  P L /l, the PL /l com piler 
a ss ig n s  both con stants to  short r e a l lo c a tio n s  (FLOAT DEC (6 ) and 
FLOAT DEC ( 4 ) r e s p e c t iv e ly )  and performs the m u lt ip lic a t io n  3*67128©1 
* 4.236  ©3 in  s in g le  len g th . This eva lu a tion  w i l l  not always be so 
accu rate  as th at o f  the IMP com piler.
For th is  reason i t  was decided to rep lace  a l l  con stan ts in  
ex p r e ss io n s , except in te g e r  con stan ts  in  in te g e r  exp ressio n s by generated  
names. A su ita b le  d ec la ra tio n  o f  the generated name, ap p rop ria te ly  
i n i t i a l i s e d  i s  included  a t  the head o f  the ou ter b lock .
These d ec la ra tio n s  are n o t in ser ted  u n t i l  the ex p ressio n  (or sub­
ex p ress io n ) has been com pletely parsed. For in  the example above, the  
co n sta n ts  would f i r s t  have been recogn ised  as sh ort r e a l con stan ts  
s in ce  the le ft -h a n d -s id e  i s  sh ort r e a l .  The re lev a n t syntax  d e f in it io n s  
(a p p .(4 )s  74* 192 and 193) are
LHS : : = < REXPRN > 
i : = < LREXPRN)
Because o f the presence o f  the v a r ia b le  LRV, the analyser  
r e je c ts  REXPRL and accepts LBEXJPHN as the g o a l.
Anen dealing w ith co n d itio n a l sta tem en ts, th ere  i s  no ' l e f t -
h an d -sid e1 to  the exp ression . In a d d itio n , th e  con d ition  may have three  
ex p ressio n s.
Consider the IMP statem ent
JblP 'A' < *B'< 6 ybTrim ftSTART }
U n til the th ird  expression  has been parsed, th e  f i r s t  two exp ression s
could have been id e n t if ie d  as e itn e r  in te g e r  or s t r in g .  Thus the type o f
exp ression s w ith in  co n d ition a l statem ents cannot be confirmed u n t i l  the  
con d ition  has been f u l ly  parsed; n e ith e r  can any con stants be replaced by - 
generated names.
This problem was resolved  by making two parses o f  co n d itio n a l 
sta tem en ts. The f i r s t  parse types th e in d iv id u a l exp ression s w ith in  a 
co n d itio n a l statem ent; the second parse makes the appropriate te x t  
transform ations. This i s  achieved by invoking the syntax analyser r e c u r s iv e ly .  
The process invo lves the fo llow in g  s te p s :
(1) On recogn ising  the d e lim iter  />IP, tn e analyser invokes #83 
(app. (4):59)*
(2) #03 invokes the analyser r e c u r s iv e ly . The analyser i s  now con tro lled  
by th e syntax d e f in it io n s  described  in  appendix ( 6 ) .  The a n a ly tic -  
routine c a l l s  embedded in  th ese  d e f in it io n s  r e fe r  to  a d if fe r e n t  s e t  
o f a n a ly tic -ro u tin es  to  th ose embedded in  tne main d e f in it io n s
o f appendix ( 4 ) .
(3) Bach expression  i s  i n i t i a l l y  assumed to  be o f  type in te g e r . As 
each element o f  the expression  i s  recogn ised , a tr a n s it io n  matrix  
i s  referenced . The rows o f t h is  m atrix correspond to  th e  type o f  
expression  (s ta te )  as surmised to  th e  present tim e; th e columns 
correspond to  the type o f the new element (In p u t) . Each element o f the  
matrix has one o f th ree d if fe r e n t  v a lu es .
\ / a lu e  m e a n in g
1 Update tne expression  type to  th a t indicated, by
tn e expression  element just- recognised  (occurs i f ,  
fo r  example, a rea l v a r ia b le  i s  encountered in  an 
in teg er  ex p ressio n )•
0 ho further inform ation; le a v e  th e  exp ression  typ e .
-1  C o n flic tin g  types; c a l l  error (occurs i f ,  fo r  example
a rea l constant i s  encountered in  a s tr in g  expression )
(4) When the cond ition  has been fu l ly  parsed, a d ec is io n  as to  the type  
o f each expression  i s  reached and th is  d e c is io n  conveyed to  the  
a n a ly tic -ro u tin es  o f the main d e f in it io n s  o f appendix (4 ) v ia  
glob al storage lo c a tio n s .
(5 ) Control i s  returned to
(6) Control i s  returned to  the analyser and th e  parse continues w itn  the
examination o f  d e f in it io n  5 9  i*1 appendix ( 4 ) .
The analyser mentioned above i s  th at described  in  Chapter 2 .
Tne, root node o f the parse can be defined at th e  tim e o f c a l l in g  the
analyser. Thus the analyser could be used to  type an in d iv id u a l  
expression  by co n tro llin g  i t  w ith the d e f in it io n s  o f  appendix (6) but 
invoicing i t  w ith <hXPKh> as the root node in stea d  o f  (UBSC).
Since IMP i n i t i a l l y  puts a l l  constants in  arith m etic  exp ression s  
in to  double length  f lo a t in g  point lo ca tio n s  regard less o f  context or 
appearance, i t  fo llo w s that rea l con stan ts, capable o f being stored  in  
in teg er  lo ca tio n s witn no overflow are allowed in  in te g e r  ex p ressio n s.
A t e s t  on the IMP compiler revealed  th at such i s  indeed th e  ca se , though 
i t  i s  not mentioned in  the current language manual (hECC 70)*
This allowed fo r  by the th ird  pass, th e  r e a l con stan ts being  
replaced by th e ir  in teg er  eq u iva len ts (app. (4 )s l2 7 )*  S tr in g  constants  
are replaced by generated names, declared and su ita b ly  in i t i a l i s e d  at th e  
head o f the outer b locx .
4 .5  DETAILS OF THE TRANSLATION TO IMP(lMT)
Appendix ( 4 ) shows the syntax d e f in it io n s  and ta rg e t language 
co n stru ction s used to con tro l and a f f e c t  the tr a n s la t io n .
Each statem ent has been ca teg o r ised  in to  one o f  sev era l types  
( <S1> , < S 2 >  or <S38> ) .
The d e f in it io n s  include a number o f  dummy m eta -v a r ia b les .
These always begin w ith the s tr in g  'PARAM* or ’DUM1 and are red u cib le  
to  the empty s tr in g . Those beginning ’PARAM1 are used to  s to r e  
parameters in  the syntax tree  which are needed during the generation  s ta g e . 
Such a technique has been described  in  se c t io n  ( 2 .4 .2 ) .  The meta­
v a r ia b le s , beginning 'DUM' are used to  enable the a n a ly t ic -r o u tin e s  
to con tro l the a n a ly s is  and make i t  s e le c t iv e  as exp la ined  in  
s e c t io n  ( 2 . 3 . 2 ) .
Appendix (5 ) shows the syntax d e f in it io n s  o f  IMP(lNT) in  a form 
s u ita b le  for  comparison with appendix ( 4 ) .  Some d e f in it io n s  in  
appendix ( 5 ) have a d ir e c t  correspondence to d e f in it io n s  in  appendix
( 4 ) and they are given  id e n t ic a l  d e f in it io n  numbers. Those th a t have 
a l e s s  p rec ise  correspondence (such as <OQSVNAME> ) ,  to g eth er  w ith the 
d e f in it io n s  o f  newly introduced m eta-variab les are numbered from 303*
The various te x t  transform ations performed by the th ird  pass 
are described  below. Each transform ation i s  described  under a heading  
which i s  a number(s) r e fe r r in g  to the re lev a n t d e f in i t io n ( s )  o f  
appendix ( 4 ) .
21
In the s p e c if ic a t io n  o f  e x p l i c i t l y  s p e c if ie d  ro u tin es  o f  the  
IMP lib r a r y , the d e lim iter  E^XTERNAL i s  rep laced  by the new d e lim ite r  
/^ LIBRARY (app. ( 5 ) 0 9 ) .
42
In tern a l rou tines need not be e x p l i c i t l y  s p e c if ie d  in  IMP.
I f  a rou tin e heading i s  processed and there has been no previous s p e c if ic a ­
t io n  fo r  that routine in  the current b lock , then the IMP com piler f i r s t  
tr e a ts  the routine heading as an appropriate s p e c if ic a t io n  and makes the 
corresponding e n tr ie s  in  the symbol ta b le .  IMP(lNT), however, a llow s
no such im p lic it  s p e c if ic a t io n . Thus in  d e f in it io n  42 o f  appendix ( 4 ) ,  
#76  checks to  see i f  the corresponding rou tin e  name has been declared  
in  the current b lock , I f  i t  h a sn 't then a corresponding s p e c if ic a t io n  
i s  in ser ted  immediately p rior to the routine heading. C ontrol i s  
returned to poin t C in  the a n a lyser , fo rc in g  i t  to  process d e f in it io n  
43 and the appropriate e n tr ie s  in  the symbol ta b le  are made.
2 2
The reduced form of rou tine s p e c if ic a t io n ,  as d escribed  by 
d e f in it io n  53 o f  appendix (4 ) i s  expanded to  the f u l l  form as described  
by d e f in it io n  41# This i s  achieved by referen c in g  the in form ation  in  
the appropriate parameter d e f in it io n  a t  the current l e v e l .
55 . 56 and 57
A type marker (app. ( 5 ): 355 to 357) i s  in se r te d  fo llo w in g  the 
c^EUD o f  a function  or map body.
59 and 60
Expressions occurring w ith in  co n d itio n a l statem ents are g iven  a 
p re fix e d  type marker (app (5)s  345 to 354). This in vo lved  two parses  
o f  the cond ition  as described in  s e c t io n  ( 4 . 4 ) .  The s tr in g  length  
o f  co n d ition a l s tr in g  exp ression s i s  g iven  a nominal (255)  va lu e .
67 and 81
In teger la b e ls  are rep laced  by constructed  names. The meta­
v a r ia b le  <PARAM110> invokes $110 which checks routine RFTABLE (see  
s e c t io n  (4 .3*3 )  ) to  see i f  a constructed  name has a lread y  been 
a sso c ia te d  with the la b e l .  I t  u ses a dummy node in  the syntax tree  to  
p ass the four character key rep resen ting  the con stru cted  name to  
con stru cto r-ro u tin e  11 ( ? l l )  during gen eration . ($110 returns to  
p o in t B in  the an alyser as described  in  s e c t io n  ( 2 .4 .2 ) ) ,  $87 in s e r ts  
the new la b e l in  the symbol ta b le , i f  n ecessa ry .
70 and 168
A type marker (app (5)* 343 and 344) i s  p o s t- f ix e d  to  the 
name o f a p o in ter  v a r ia b le . I f  th is  v a r ia b le  i s  a record p o in ter , 
the type marker i s  a d e lim iter  (7°HEC ) fo llow ed  by the name o f  the  
record format with which that p o in ter  i s  a s so c ia te d . The en try  fo r  
the record format name in  RFTABLE i s  g iven  a d is t in c t iv e  marking 
(see  sec tio n (4 .3 « 3 ))*  The type marker r e fe r s  to  the q u a lif ie d  name.
This may be the elem ent o f  a record p o in ter  which in  turn i s  an 
elem ent o f  a record p o in ter  e t c .  This i s  one o f  the reasons fo r  the 
complex looking syntax con stru ction  and many a n a ly t ic -r o u tin e s  used in  
the a n a ly s is  o f < OQSVNAME > •
In ad d ition  to  the markers noted above, a map fu n ctio n  name 
(occurring  in  the general con text o f < OQSVNAME > ) i s  p o s tf ix e d  by the 
d e lim iter  fo llow ed by the marker appropriate to  the map
(app (5 )s  320 ) .  Thus when processin g  d e f in it io n  172 o f  appendix ( 4 )*
026 e x i t s  to point C in  the analyser ^and thus fo r c e s  d e f in it io n  173 
to be considered) u n less  the name a sso c ia te d  w ith  <NAME1> i s  a map 
fu n ction  name. C onstructor-routine 17 (?17) in  the a sso c ia te d  ta rg et  
language construct in s e r ts  ?tMP.
Another com plication in  the a n a ly s is  o f  < OQSVNAME) a r is e s  
due to the p o ss ib le  occurrence o f  transparent lib r a r y  fu n c tio n s , such 
as LOG or MOD. The type o f these fu n ctio n s  depends on the type o f  th e ir  
arguments? they may be e ith e r  r e a l or lon g  r e a l .  The symbol ta b le  en try  
for  them has a d is t in c t iv e  marking (see  appendix ( 8 ) ) .  In d e f in it io n  
173 o f  appendix ( 4 ) ,  02  ^ examines the d escr ip to r  a s so c ia te d  w ith the 
id e n t i f i e r  name and e x i t s  to  po in t C in  the an a lyser  i f  i t  i s  not a 
transparent fu n ction ^ forcing  d e f in it io n  175 to  be p rocessed . Otherw ise, 
the argument o f the fu n ction  i s  f i r s t  analysed  u sin g  the m eta-variable  
< REXPRN ) . I f  that fails,(LREXPRN) should work and the fu n ctio n  i s  
pronounced long r e a l .  -
74 to  78
The exp ression  on the r ig h t hand s id e  o f  an assignm ent statem ent 
i s  p refixed  by an appropriate type marker (app ( 5 )* 74 to 7 8 ) .
58.
84 and 85
^RESULT expressions are p refixed  by a type marker. Those 
r e la t in g  to map functions include the d e lim ite r  i< K P (app. (5)* 84 and. 8 5 ).
105 to 114
The hierarchy o f lo g ic a l  operators i s  made redundant by the 
in s e r t io n  o f sp e c ia l bracket d e lim iter s  and %R (app ( 5 ) :306).
This i s  achieved by syntax a n a ly s is  a lo n e , the technique being  
s im ila r  to that quoted in  the rev ised  report on A lgol 60 (Back 6 o ).
Note th at the technique could not have been used i f  the p r e f ix  operator
to  arith m etic  expressions had not been elim in ated  during the second
p a ss , because the syntax d e f in it io n s  would then have become le f t - r e c u r s iv e .
1 2 6 . 127. 155 and 159
As sta ted  in  se c t io n  ( 4 .4 ) .  the on ly  type o f  con stan t allow ed  
in  expressions in  IMP(lNT), are in teg er  con stan ts in  in te g e r  ex p ress io n s . 
A ll others are replaced by generated names and a $0WN v a r ia b le  o f  
su ita b le  type (%REAL, L^ONGREAL or ^STRING (q ) ) ,  ap p rop ria tely  in i t i a l i s e d ,  
i s  included a t  the head o f  the outer b lock .
106, 150 and 158
The d e lim iter  foE XP i s  rep laced  by °/oTXP in  in te g e r  co n tex ts ,
%RXP in  rea l con texts and fiD X P in  long r e a l co n tex ts  (app (5)* 309*
130, 156}.
112
Arithm etic d iv is io n  o f  in te g e r s  i s  d is t in g u ish ed  by rep la c in g  
the d iv is io n  operator by the s p e c ia l d e lim ite r  fo B Y . C onstructor-routine  
50 w r ites  a/oBY to the output.
184 and 185
IMPRINT)  requ ires a c tu a l parameters which are p o s it io n a lly  
defin ed  as type general to  be p refixed  by the s p e c ia l d e lim ite r  $NM 
(app ( 5 ) 5332,). This a p p lie s  only to ^LIBRARY rou tin e parameter l i s t s .
198
Subscript l i s t s  have th e ir  brackets rep laced  by the sp e c ia l  




The o r ig in a l purpose o f  the p roject was to  w rite  a s u ite  o f  programs 
to  tr a n s la te  a program w ritten  in  IMP(SYS) in to  one d efin ed  in  IMP(INT); 
th e source program having already been passed through a l e x i c a l  a n a ly ser . 
T his has been achieved using the methods d escrib ed  in  th e  previous four  
chapters. At the time o f w ritin g  about 25 t e s t  programs have been tr a n s la te d  
in to  IMP(INT) form. These programs have incorporated  a l l  th e fo reseea b le  
fea tu res  o f  the tr a n s la to r .
Hie tr a n s la t io n  from IMP(INT) form in to  P l / l  was th e  r e s p o n s ib i l i ty  o f  
T. N onweiler. At the tim e o f  w riting^the program to  a f f e c t  t h is  tr a n s la t io n  
had not been completed. D e ta ils  o f t h i s  program are summarised in  
appendix 9*
In i t s  d esign , the e f f ic ie n c y  o f  the tr a n s la to r  (th a t i s  i t s  a b i l i t y  
to  conserve both tim e and space during tr a n s la t io n )  has been g en era lly  
considered secondary to  the speed w ith which i t  could be programmed. As 
described  la t e r  on, t h is  has resu lted  in  a program th a t i s  r e la t iv e ly  slow .
5 .1  PROGRAMMING
The w ritin g  o f the tr a n s la to r , once th e  o v e r a ll methods had been d efin ed  
was done in  three separate s te p s .
F ir s t ,  algorithm s cen tra l to  both the second and th ird  p asses  were 
w r itte n . This included the development and t e s t in g  o f  th e  a n a ly ser . The 
importance o f  being ab le to  have an ab so lu te  knowledge o f  th e  ana lyser*s  
c a p a b i l i t ie s  cannot be overestim ated. When t h is  was r e a l is e d , th e  debugging 
o f  th e  second and th ird  passes became a great d ea l e a s ie r .  I t  can be noted  
th a t the an a lyser  i t s e l f  was probably the most ted io u s  rou tin e  o f  a l l  to  
debug.
Secondly, programs to  ach ieve the second pass were w r itte n . This 
included th e  form ation o f the syntax d e f in it io n s  and th e w r itin g  o f  
appropriate a n a ly t ic -r o u tin e s  and co n stru c to r -ro u tin es . In g en era l, th e  
second pass demanded a lo t  l e s s  ex p er tise  from a programmer than th e  th ir d .  
Thus, because i t  was attempted f i r s t ,  va lu ab le experience o f u sin g  the various  
tr a n s la t io n  techniques was gained before th ey  were ap p lied  to  th e  more 
d i f f i c u l t  th ird  p ass.
Thirdly) programs to achieve the th ird  pass were w r itte n . This 
demanded by far the most programming e f f o r t  and tim e. Over 1000 P l / l  
statem ents are used to  d efin e  the a n a ly t ic -r o u tin e s  a lo n e . The programs 
fo r  the th ird  pass were w ritten  so th a t the f u l l  tr a n s la t io n  to  IMP(lNT) 
o f  every feature o f a p o ssib le  source program was attem pted s tr a ig h t  
away. I t  might p o ssib ly  have been e a s ie r  to  w rite  a program to  tr a n s la te  
on ly  a few fea tu res to  IMP(lNT) a t  f i r s t  and gradually  develop  the  
f u l l  program.
I t  was always p o ss ib le  to qu ick ly  id e n t i fy  any errors encountered  
during the second or th ird  p a sses . This was because i t  was very  
easy to g et a good trace o f the path taken by the tr a n s la to r  by examining 
the syntax d e f in it io n s  and noting  the p a r tic u la r  a n a ly t ic -r o u tin e s  
or cons true tor-rou tin e  s c a lle d . Note th at such a process would have been 
much more hazardous i f  the analyser could not be a b so lu te ly  r e l ie d  upon.
Thus although the author has had no previous experience on which 
to  base a judgement, i t  i s  f e l t  th a t the tr a n s la t io n  was q u ite  easy  
to  program and debug considering  the problems to  be so lv ed . In a d d itio n , 
i t  i s  thought that any future s u p e r f ic ia l m od ifica tio n s to  the s p e c if ic a t io n s  
o f  e ith e r  IMP(SYS) or IMP(lNT) w i l l  be e a s i ly  incorporated  w ith in  the 
tr a n s la to r .
5 .2  PERFORMANCE
A breakdown o f the tr a n s la tio n  o f  a ty p ic a l 530 statem ent IMP 





From con sid eration  o f  these f ig u r e s , the fourth  pass (which req u ires  
l e s s  a n a ly s is  than the second pass) would probably take about 40 s e c s .
This tra n s la tio n  was made on an IBM 570/155 machine u sin g  a 
maximum o f  190K bytes o f  storage . N eg lec tin g  the time taken in  
i n i t i a l i s i n g  ro u tin es , s e t t in g  up each job step  and read ing in  lib ra ry  
f i l e s  (such as the syntax d e f in it io n s )  which i s  o f  the order o f  5 s e c s ,  
the average tra n s la tio n  time per IMP statem ent i s  about 0 .6  s e c s .
This does not compare very favourably w ith the tim es quoted by 
the relevan t users guide (IBM 68) fo r  a tr a n s la t io n  from ALGOL to  P L /l.
On an IBM 56O/4O machine, u sing  128K b ytes o f  main sto ra g e , the average 
tr a n s la t io n  time i s  quoted as about (65  + 0 .6 n ) seconds where N i s  the 
number o f  ALGOL statem ents.
The tim es taken by each pass during the tr a n s la t io n  to  IMP(lNT) 
show that the th ird  pass takes fa r  longer than the o ther two.
By comparing the tim es taken by a v a r ie ty  o f  IMP programs, 
i t  was soon r e a lise d  that the a n a ly s is  o f  ar ith m etic  exp ression s rep resen ts  
the most time-consuming p rocess. As exp la ined  below, th is  becomes 
obvious when one considers the large number o f  a n a ly t ic -r o u tin e s  c a lle d  
during the p rocessing  o f  arith m etic  ex p ress io n s . I r o n ic a lly , the f i r s t  
person to  inquire about the tr a n s la to r  subm itted an IMP program o f  4500 
statem ents, m ostly composed o f  long ar ith m etic  ex p ress io n s . The th ird  
pass took over 53 minutes and the complete tr a n s la t io n  tim e to  PL/l i s  
expected  to be over 0 .8  secs per statem ent.
At the time o f w r itin g , there i s  no fu n ction  su pp lied  by IBM 
th a t can g ive  a user access to  a CPU c lo ck . C erta in ly , there i s  a 
fu n ctio n , TIME, that g iv es  elapsed  time but in  an MVT environment ( in  
which the tra n sla to r  was programmed) th is  i s  o f  lim ite d  v a lu e .
However, a ro u tin e , w r itten  in  assem bly language became a v a ila b le  
to  the author which did access the CPU c lo ck . On t e s t in g  various fea tu res  
o f  the th ird  pass, i t  was confirmed that a n a ly s is  o f  a r ith m etic  exp ression s  
i s  the most time-consuming. The ta b le  below g iv e s  the tim es taken (on an 
IBM 370/55) processing  various statem ents in  the th ird  p a ss .
Statement Time in  m illiseco n d s
%REAL X,Y,Z: 125
i<Q0T0 2 5 : 5 3
X = Y+Z: 505
/oIF X=1 #THEN START: 485
X = (Y+Z) *X **2 + Y-Z/4 2 1184
O rig in a lly  i t  was thought th at the long time spent during the 
th ird  pass p rocessing  the 4500 statem ent program may have a ls o  been 
due to the fa c t  that the symbol ta b le s  were very large and thus the 
search time fo r  an id e n t i f i e r  was in creased . On in v e s t ig a t io n  w ith  
the CPU timer routine th is  was found to  be untrue. The search  time 
fo r  an id e n t i f ie r  in  the symbol ta b le  being 3 m illise c o n d s  whether 
the tab le had 100 or 500 elem ents in  i t .
Various methods o f improving the e f f ic ie n c y  o f  the tr a n s la to r  
in  general and the speed o f the second and th ird  p asses in  p a r tic u la r  
come to  mind. They are numbered below.
1. The number o f  passes made by the tr a n s la to r  could be reduced.
Most e a s i ly  elim inated  would be the second p ass. U ntranslateab le
IMP phrase stru ctu res could be e a s i ly  id e n t if ie d  during the th ird  pass 
and i t  could be c le a r ly  s ta ted  th at no p a r tic u la r  rea c tio n  by the 
tr a n s la to r  to an IMP program w ith a syntax error in  i t  i s  guaranteed ( as 
i s  sta ted  fo r  the ALGOL-to-PL/l t r a n s la to r ) .  Or a lt e r n a t iv e ly ,  
the IMP compiler could be invoked from an assem bly language routine  
w ith in  the tra n s la to r  to  check both the syntax and sem antics.
However the second pass a lso  d e fin es  p r e c is e ly  the meaning 
o f  a p a rticu la r  use o f the symbol J ( s e c t io n  (3 * 4 * 2 )) . This r e s u lt s  
in  a much sim pler stru ctu re fo r  the th ird  p ass. I t  i s  understood  
though, th at when a new s p e c if ic a t io n  fo r  E.R.C.C. IMP i s  introduced  
towards the end o f  1973* a new d e lim ite r  w i l l  be d efin ed  to rep resen t  
the modulus sign  which would la r g e ly  so lv e  the above problem.
Other passes made by the tr a n s la to r  could not be removed 
w ihtout a complete redesign  o f  the tr a n s la to r  system .
2. The top-down parsing algorithm  chosen would not be as fa s t  as one 
u sin g  a bottom-up method o f  a n a ly s is , though, as mentioned in  
Chapter 1, Capon and Argent (Cap 7p) have shown th a t a bottom-up  
method i s  only fr a c t io n a lly  fa s te r .  Probably more important i s  the time 
taken to  invoke a n a ly tic  r o u tin es . The reason why ar ith m etic  exp ression s  
take so long to  analyse becomes obvious when one con sid ers th a t in
the a n a ly s is  o f the' assignment statem ent
L(K) = H * B + C
05 • -
s e t s  o f  a n a ly tic  rou tin es are invoked 5 tim es by the 2nd pass and o f  the  
order o f 40 times (depending on the a r ith m etic  type) by the p ass.
In the case o f  the th ird  pass th is  can be a ttr ib u te d  to  a p a r tic u la r ly  
ugly  d e f in it io n  o f the m eta-variable <0QSVNAME> -  which i s  used to  
represent an id e n t i f i e r  and stands fo r  ’o p tio n a lly  q u a lif ie d  and sub­
scr ip ted  variab le name’ . More e f fo r t  by the author should r e s u lt  in  a 
sim pler and/or more quick ly processed d e f in it io n ;  but such a th in g  i s
d i f f i c u l t  because o f the p o ss ib le  presence o f  record p o in ters  or 
transparent fu n ctio n s, e tc .
I f  the parsing algorithm  were changed, the second and th ird  passes  
would o f  course have to  be s u b s ta n t ia lly  rew r itten  as i t  i s  u n lik e ly  that 
the new parsing algorithm  would incorporate concepts id e n t ic a l  to  th a t  
o f  the a n a ly tic  and con stru cto r-ro u tin es  used h ere .
3. I t  i s  rare fo r  a program to  reach the f u l l  s o p h is t ic a t io n  o f  i t s  
com piler and thus most IMP programs w i l l  not be a ffe c te d  by the op tim isa tion  
o f  boolean expressions done by the IMP com piler. So an easy m od ifica tio n  
th a t would speed up the second pass would be the e lim in a tio n  o f  the c a l l  
on fu n ction s READS. Instead o f breaking down compound co n d itio n a l 
statem ents they could be tra n sla ted  d ir e c t ly  in to  P L /l w ith a warning 
given  o f the p o s s ib i l i t y  o f  error between the IMP source and the PL/l 
tr a n s la t io n .
4* Another m od ification  which would speed up the tr a n s la t io n  i s  to  
rep lace the four separate job step s  by a s in g le  job s tep  u sin g  an overlay  
s tru c tu re . This would save the time spent in  i n i t i a l i s i n g  a job step  and 
in  w r it in g  out and reading in  the in term ediate temporary d isk  f i l e s  
such as IMPCHKD. I t  would a lso  mean th a t a b so lu te  machine addresses  
could be used to p o in t to the various l i s t s  b u i l t  up during the th ird  
p ass. The use o f  o f f s e t s  and the process o f  id e n t ify in g  which p a r tic u la r  
area a l i s t  was constructed  in  would then be unnecessary, which should  
represent the saving o f an appreciab le amount o f  tim e.
5 .5  CONCLUSIONS
A feature o f  the IMP to  IMP(lNT) tr a n s la t io n  i s  th a t i t  does not 
r e la te  to the PL/l tran sla ted  te x t  d ir e c t ly .  Thus, i t  i s  con ceivab le  
th a t th is  tra n s la tio n  may be o f use in  the tr a n s la t io n  to  a h igh  
l e v e l  language other than PL /l; A lgol 68 perhaps, through no research in  
th is  d ir e c tio n  has been done.
I t  i s  hoped th at the tra n s la to r  w i l l  f in a l ly  be a v a ila b le  to  a 
u ser in  the form o f a catalogued procedure w ith  a v a r ie ty  o f  options  
as to  the form o f  the PL/l tr a n s la t io n .
The Edinburgh implementation o f  the IMP language i s  s t i l l  a t  a 
development sta g e . Towards the end o f  th is  year, 1973* a- new s p e c if ic a t io n  
fo r  i t  i s  to be introduced. This w i l l  in clud e various new d e lim ite r s  
such as the one already mentioned to  denote a modulus and the 
d e lim ite r  °/<M EILE to be used in  do-statem ents (%CYCLE sta tem en ts).
Whether or not a l l  these changes w i l l  be incorporated in  the  
tr a n s la to r  or whether much e f fo r t  i s  made to  in crea se  i t s  e f f ic ie n c y  
depends on the demand there i s  fo r  i t s  u se .
Much o f the software in  Edinburgh i s  w r itten  in  IMP. In  
a d d itio n , Edinburgh i s  expected to buy an ICL ’New Range1 machine sh o r tly  
which w i l l  be supplied w ith  a PL/l com piler. I t  i s  thus hoped th a t th is  
w il l  produce a demand fo r  the tr a n s la to r  from u sers who want a d ir e c t  
tr a n s lite r a t io n  o f th e ir  programs from IMP to  PL/l in stea d  o f  com pletely  
rew ritin g  them. I t  i s  expected though th a t the main demand fo r  the  
tr a n s la to r  w i l l  come from u sers who want to  export th e ir  IMP programs 
to computing environments w ith  a PL /l com piler but no IMP one.
aPj-WvDIX 1.
THE E l  RET ' PASE
T n e  f i r s t  p a s s  p e r f o r m s  a  l e x i c a l  a n a l y s i s  o f  t h e  IMP s o u r c e  
p r o g r a m , c o n v e r t i n g  t h e  t e x t  i n t o  a  fo r m  m o r e  e a s i l y  p r o c e s s e d  
d u r i n g  t n e  s u b s e q u e n t  a n a l y s i s .
A s n o t e d  b y  N o n w e i l e r  ( N on  "J2 ) ,  t h e  IM P s o u r c e  i s  s u p p o s e d  t o
c o n fo r m  t o  t h e  s y n t a x  r u l e s  d e f i n e d  i n  t h e  c u r r e n t  IM P m a n u a l ( ERCC 7 0  )
w i t h  t h e  f o l l o w i n g  a m e n d m e n ts  a n d  a d d i t i o n s :
( 1 )  /oVECTOR i s  a c c e p t a b l e  i n  p l a c e  o f  t h e  d e c l a r a t o r  ^ARRAY.
( 2 )  T h e f o l l o w i n g  s t a t e m e n t s  a r e  p e r m i t t e d
AhliORTROUTINE < SEPARATOR>
#>DEEINEC0M FILER < SEPARATOR >
*.SPECIALRAME < NAMELIST > <EEPARATOR>
#R USISTER  <NAMELIST> SE PA R A T O R >
< TYPE> < ARRAY1 > ‘/cNAME <M M E L I3T > < SEPARATOR>
O )  %M0EIT0R 4.COMET) i s  a n  a l t e r n a t i v e  u n c o n d i t i o n a l  i n s t r u c t i o n  
t o  ^MONITOR.
( 4 )  ^NAMEARRAYNAME i s  n o t  a n  a c c e p t e d  fo r m  o f  <QRAME*>.
( 5 )  <JTYPE") REAMEARRAY i s  n o t  an  a c c e p t e d  fo r m  o f  d e c l a r a t o r .
( 6 ) T h e  s y m b o l £  i s  a  v a l i d  c o n s t a n t .
( 7 )  T h e  o r d e r i n g  o f  a r r a y  d e c l a r a t o r s  a f t e r  s c a l a r  d e c l a r a t i o n s
w i t h i n  r e c o r d  f o r m a t s  i s  o p t i o n a l .
T n e  f i r s t  p a s s  r e d u c e s  d e l i m i t e r s ,  i d e n t i f i e r s ,  c o n s t a n t s  a n d  
com m ent t o  f i x e d  l e n g t h ,  e a s i l y  r e c o g n i s a b l e  u n i t s  a s  f o l l o w s :
( 1 )  C a s e d  l e t t e r  s t r i n g s  ( t h a t  i s ,  IMP d e l i m i t e r s  r e c o g n i s a b l e  b y  
a n  i n i t i a l  c h a r a c t e r  l/o ) a r e  p a s s e d  t o  a  r o u t i n e  t h a t  d e f i n e s  
a  s i n g l e  EBCDIC c h a r a c t e r  t o  r e p r e s e n t  t h a t  d e l i m i t e r .  T h i s
6b.
w i l l  n o t  b e  p r i n t a b l e .
C e r t a i n  t w o - c h a r a c t e r  d e l i m i t e r s  a r e  c o n v e r t e d  t o  t r a n s l a t o r -  
c r e a t e d  c a s e d  l e t t e r  s t r i n g s  a s  f o l l o w s  
*-* b e c o m e s  %EXP 
/ /  " $DIV
" %PTS
< <  •» %LSH
>> » %KSH
-  > " %QOT0
w h ic h  a r e  t h e n  p r o c e s s e d  a s  ( 1 )  a b o v e .  O t h e r  t w o - c n a r a c t e r  
d e l i m i t e r s  and  a l l  s i n g l e  c h a r a c t e r  d e l i m i t e r s  a r e  p a s s e d  
u n c h a n g e d ,  w i t h  t h e  e x c e p t i o n  o f  t h e  d e l i m i t e r  \ =  w h ic h  i s  
r e i n t e r p r e t e d  a s  £ .
I n t e g e r  c o n s t a n t s ,  i n c l u d i n g  d e c i m a l  in te g e r s  ( unsigned ) ,  
h e x a a e c im a l  an d  b i n a r y  constants ( signed  ) are converted to  a 
f iv e-ch a ra cter  codej composed o f  character 0 fo llow ed  by a 
four-character s tr in g  obtained by overlay in g  the in te r n a l  
( $ 2  b its  ) representation  o f the in teg er  code onto th e s tr in g .  
Real ( unsigned ) constants are converted to  f iv e -c n a r a c te r  
s tr in g s . These s tr in g s  are composed o f character R fo llow ed  by 
a four-character s tr in g  which indexes a d ictio n a ry  o f  co n sta n ts , 
id e n t if ie r s  and comment. This d iction ary  i s  w r itten  to  tne f i l e  
L iPD IC T  at tne end of the pass.
Symbol con stan ts, in clud ing  s tr in g s  and s in g le  or m u ltip le  
character constants are converted to  f iv e -c h a r a c te r  s tr in g s  
composed o f character 1 follow ed by a fou r-ch aracter  s t r i n g  a s  
i n  ( 4 ) a b o v e .
(b) I d e n tif ie r s  are converted to  f iv e -c h a r a c te r  s tr in g s  composed
o f character A follow ed  by a fou r-ch aracter  s tr in g  as in  (4)
above.
(7) Comment te x t  i s  converted to  f iv e -c h a r a c te r  s tr in g s  composed
o f character C follow ed  by a fou r-ch aracter  s tr in g  as in  (4)
above.
In addition  to  the above le x ic a l  a n a ly s is , tn e  f i r s t  pass 
makes the fo llow ing  te x t  transform ations!
(1 ) The query marker ? i s  ignored.
(2 ) Newlines occuring as statem ent separators are replaced by tne  
sem i-colon.
( j> ) The d elim iter  /^ COMMENT ( or ! when used to  rep lace  i t  ) i s  
elim inated .
(4 ) Tne d elim iter  /oVECTOR i s  replaced by #>ARRAY, and ^REGISTER by 
/^ INTEGER.
(5) Tne symbol £ i s  rein terp reted  as a rea l constant 3»1415*»«
(6) The intended e f f e c t  ( upon the subsequent in te r p r e ta tio n  o f  
JbREAL ) i s  given in  response to  reading statem ents o f  th e form
%KEALS < Lh ^
from tne source t e x t ,  and such statem ents are consequently  
elim inated .
(7) Null sta tem en ts  a re  ign o red .
( 8 ) T h e f o l l o w i n g  s t a t e m e n t s  a r e  i g n o r e d :
< c o '-i s t o p  > Q u e r i e s  ;
%LIST ;
C^ONTROL < CONST )  j 
5&3HORTROUTINE ;
Q U E R IE S  <O NO FF> ;
/E N D O FL IST  ;
/DEFINECCM PILER ;
( 9 ) T h e  f o l l o w i n g  s t a t e m e n t s  a r e  p a s s e d  a s  n u l l  s t a t e m e n t s  w i t h  
an  i n d i c a t i o n  o f  e r r o r :
%SEECIALNAME <NAME> 5 
*  < IN S T R N >  ;
and  t h e  s e q u e n c e  //.ICODE t o  /ENDOFMCODE i n c l u s i v e .
( 1 0 )  C o n d i t i o n a l  s t a t e m e n t s  a r e  r e o r d e r e d  s o  t h a t  t h e y  b e g i n  w i t h  
/ I F  o r  /U N L E S S , an d  s o  t h a t  ‘/THEN a n d  /E L S E  a r e  a lw a y s  f o l l o w e d  
b y  ‘/START j ( t h e  a p p r o p r i a t e l y  p o s i t i o n e d  /F I N I S H  s t a t e m e n t  
b e i n g  a l s o  i n s e r t e d  i f  n e c e s s a r y  ) .
T h i s  f i r s t  p a s s  w a s  p ro g ra m m ed  b y  T . N o n w e i l e r  a n d  i t ' s  e f f e c t  
i s  d e s c r i b e d  i n  s l i g h t l y  g r e a t e r  d e t a i l  i n  h i s  r e p o r t  ( N on  J 2  ) .
APPENDIX 2 .
THE REDUCTION UF COMPOUND CONDITIONAL STATEMENTS
Consider tne boolean expression  
A /AND ( B /bOR \ c  )
I f  A i s  ' f a ls e '  tnen tnere i s  no need to  evaluate fu r th er ; the r e s u lt  
i s  ' f a l s e ' .  S im ilar ly , i f  A i s  'tru e ' ana B i s  ' t r u e ' ,  the r e su lt  i s  
'tru e ' ana there i s  no need to  evaluate \ c .  A com piler which produces 
coae such that at run-time redundant boolean exp ression s ( such as 
( B /OR \C )  in  tne f i r s t  example above ana \C  in  th e  second ) are 
not evaluated i s  sa id  to  be optim ising boolean ex p ress io n s .
The IMP compiler optim ises boolean exp ression s whereas the PL/1 
compiler does n ot. Thus, i f  a compound co n d itio n a l statem ent i s  
tran sla ted  d ir e c t ly  from IMP in to  PL/1, th e  coaes generated by the  
resp ective  IMP ana Pl/ 1 com pilers would d if f e r  o p e r a tio n a lly .
There are at le a s t  two examples o f  cases where th e  eva luation  
o f  redundant boolean expressions might a f fe c t  program executions
(a) I f  evaluation  o f  the redundant boolean exp ression  created  an 
error cond ition . For example consider the compound co n d itio n a l 
statement
/I F  A=0 /OR B /a <^ .0  /THEN <UCI> ;
I f  A was equal to  zero then tne IMP compiler produces code which 
resu lts  in  tne second boolean expression  not being evaluated .
Tne PL/1 compiler however, asks for  the eva lu a tion  to  be made, 
which r e su lts  in  an overflow con d ition .
(b) I f  Lhe evaluation  o f the redundant expression  in vo lved  a c a l l  on 
a routine which in  turn in fluenced  g lob a l v a r ia b le s .
In order to  overcome th is  p o ssib le  source o f  error in  the
tra n s la tio n , a l l  compound co n d itio n a l statem ents and a l l  statem ents  
beginning witn the d e lim iter  /UNLESS are f i r s t  reauced to  the form 
/I F  <UBSC> /THEN /START ; 
before a tr a n s la tio n  to  PL/1 i s  made. Tnis o ften  in v o lv es  tne generation  
of new statem ents ( and la b e ls  ana tnus referen ce to  the d iction ary  kept 
on f i l e  IMPDICT ) .
For example tne statem ent
/IF  A=0 /OR B/A < > .0  /THEN C=D ; 
might be transformed to
/IF  a=0 /THEN /START ;
/GOTO LABI ;
/FINISH ;




LABI: C=D j 
LAB2: . . . .
•  •  •  •
This transform ation i s  performed by the fu n ctio n  READSS and was 
programmed by T. Nonweiler. READSS i s  an in te r fa c e  rou tin e to  the  
second pass ( see chapter (B) )•
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SYNTAX D hm iTIUnS OF If.tP(INT)
D e f in it io n s  (1 ) to  (p^) correspona ex a c tly  to  xnose g iven  
in  appendix (3 )  w itn  th e excep tion  th a t <S14> i s  no lon ger an 
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L.lP(SYS) PHRASE STRUCTURES THAT AKA ROT TRANSLATED
The fo llo w in g  syntax con stru ction s are forbidden by th is  
implementation o f  the tr a n s la to r  because they are d i f f i c u l t  to  
sim ulate in  PL/1. They are id e n t if ie d  during the second pass and 
r e je c ted . The forbidden con stru ction s are b est d iscu ssed  by 
reference to  the syntax d e f in it io n s  l i s t e d  in  appendix (3)*
27,  29 and 133
6^ARRAY jfehAMiS d eclarators are not perm itted in  t h is  implementation  
o f the tra n s la to r ; nor are S^TRING- N^AME (th e  length  q u a lif ic a t io n  
must be in c lu d ed )•
12.
Routine p o in ters are forbidden.
31 and 206
The extended formal parameter d e f in it io n  ( i . e .  the.;use o f  typ e-  
general parameters) i s  only perm itted in  tn e  context o f  ‘^ EXTERNAL 
routine s p e c if ic a t io n s  and th e  in c lu s io n  o f  typ e-gen era l parameters 
in  other con texts  i s  fa u lted  (by con stru ctor-rou tin e  01 w ritin g  an 
error code to  th e output stream ).
51
R^ECORD %ARRAY GRATAE i s  not perm itted in  t h is  implementation  
as a d eclara tor . (T his r e s u lt s  in  a form fo r  th e m eta-variable  
<0QSVNAME) which i s  le s s  general to  th a t g iven  in  tne current LAP 
language manual (ERCC 7^)»
236  and 237
Tne bounds o f  <CRPAIR> may only be defined  by in te g e r s  in  th is  
im plem entation.
292 to  297
A r e s tr ic te d  c la ss  o f record format d e lim ite r s  i s  perm itted  
in  t h is  implementation, co n sis ten t w ith  the lim ita t io n s  in  d eclarators  
already noted.
1 0 0 .
APPENDIX 3 .
THE DESCfllPTOK
In tne symbol ta b le s ,  eacn id e n t i f i e r  das a sso c ia ted  w itn i t  
a d escr ip tor  whicn d escr ib es  tne a t tr ib u te s  o f tn a t id e n t i f i e r .  
The a t tr ib u te s  are recorded by u sing a ^ 6-b it  f i e l d  w ith the  
fo llo w in g  stru ctu re:
1-3 - 4-11 • 12-14 - 13 16-17 Id 13 . 2u-24 2 3 - 3 6
TYPE QUAL DIM AP VP UOED IlNfJtfC mo AOEE
Tne meaning o f each s u b -f ie ld  i s  described  below unaer th e appropriate  
heading.
TYPE
'000'B fo r  typ e-gen era l formal parameters
'001’B " jibXiMTEGER v a r ia b les
»010’B " yuKEAJj ii
»011*B '* j63THING M
’100’B " TbR E C O R D it
* 101 *B *' R outine ii
’ 110'B *• la b e l ii
C^ UAL
i s  s e t  *00000000*B to  d escrib e th e arguments o f  transparent 
fu n c tio n s ,
*00000001*B to  denote the id e n t i f i e r  i s  stored  in  a b y te ,
*00000010'B " half-w ord,
*00000100*B " f u l l  word,
*00001000*B " double word
lo c a t io n . When q u a lify in g  a %STBIEG- v a r ia b le , <^ UAL d efin es  th e  
s tr in g  length  (o - > 255 )*
I,* UAL
in d ic a te s  m e dimensions o f  an id e n t i f i e r
se t aim ension(s)








i s  se t  *1*13 fo r  p o in ter  v a r ia b les}  *0*B fo r  atoms.
VP
i s  se t  *01*B fo r  fu n ctio n s; ’ 10*13 fo r  map rou tin es ana *00*13 
fo r  a l l  other id e n t i f ie r s .
i s  se t  to  *1*B i f  th e  in t r in s ic  or im p lic it ly  s p e c if ie d  IMP 
lib r a ry  routine to  which t h is  d escr ip to r  r e la te s  i s  used in  tne  
IMP program being processed; e ls e  s e t  to  *1*B.
INTNC
i s  se t  to  *1'B fo r  a l l  in t r in s ic  and im p lic it ly  sp e c if ie d  IMP 
lib r a ry  rou tin es; e ls e  s e t  to  *0*B.
ANQ and AOFF
are s e t  to  (^i'O 'B  ana (3 2 )* O’B fo r  a l l  but records, ro u tin es , maps 
and fu n ctio n s , when they poin t to  the s ta r t  o f  l i s t s  which describe  
tne elem ents o f  a record or parameters.
102.
The general s ig n if ic a n c e  o f  ANO and AOfe'F i s  described  in  se c t io n  
AhO i s  an (unsigned) index to  an array o f  p o in ters , A01;,J;, 
i s  th e b it  rep resen ta tion  o f an address.
APPENDIX 9«
THK FOURTH PALL
The fourth  pass reads th e IMP(IHT) te x t  output from th e th ird  
pass and tr a n s la te s  i t  to  P l / l .  At the time o f  w ritin g  t h is  rep ort, 
the pass was in  tne process o f being w ritten  by T. Uonweiler o f  the  
Glasgow U niversity  Aeronautics Department*
The stru ctu re o f  the pass i s  to  be s im ila r  to  th a t o f the tn ird  
pass* Using the syntax analyser and generating routine described  in  
chapter 2* , the IMP(IIuT) te x t  i s  analysed and PL/1 te x t  subsequently  
generated* The syntax d e f in it io n s  c o n tr o llin g  t h is  a n a ly s is  togeth er  
with the ta rg et language con stru ction s producing the PL/1 te x t  are 
l i s t e d  in  a report by Lonweiler (Don 72)• The a n a ly s is  req u ires a 
cer ta in  amount o f c o n te x t -s e n s it iv e  a n a ly sis  and the symbol ta b le s  
produced in  the th ird  pass are referen ced . At th e  moment, the  
tr a n s la t io n  uses 9 a n a ly tic -r o u tin e s  and about 35 con stru ctor-rou tin es*  
Use i s  made o f the PL/1 preprocessor to  achieve th e f u l l  tr a n s la t io n  
to  PL/1.
Ronweiler has w ritten  a program whicn w i l l  accept PL/1 programs 
and compose them in  a form whicn i s  neat and readable. This program 
w i l l  be used to  t id y  the output from the fourth  pass i f  so requested  
by a u ser . A ltern a tiv e ly  the output may be compiled by the PL/1 
preprocessor and com piler.
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THE ANALYSER ( F ir s t  o f  two block diagrams )
I n i t i a l i s e
Increment
stack:
p o in ter .
ENTRY
ISTACK = I 
JSTACX = J 
SSTACX = S 
TSTACH = T





/a n a ly tic -r o u tin e  
J (A L T (I-l)). 





\c h a r ^ /
Decrement
stack
p o in ter .
I = 1+1 
S = S+lI = SUE(P)
I = ISTACK 
J = JSTACK 
S = SSTACK 
T = TSTACK RETURN
(fa i lu r e )
10S.
-FIG-URE 2B
THK ANALYSER ( second o f two diagrams ) 
Bloc* diagram showing the huild-up  o f  tn e  threaded l i s t .
Decrement
(0)> ^----- ( stack  )------>--------( K&TUPN
p oin ter. /  V ( success
Decrement
stack
p o in ter .
Increment
stack









P = PAM"! ■>
Decrement 
stack  
p o in ter .
Decrement
-^---- {  stack )--------- -^------  B
no in ter .
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ABSTRACT
T his t h e s is  d e sc r ib e s  the author* s co n tr ib u tio n  towards 
th e developm ent o f  a program (w r it te n  in  P L /l)  by which a u ser ’ s 
program w r it te n  in  a s y n ta c t ic a l ly  c o r r e c t  form o f  the IMP 
language ( a s  implemented by the Edinburgh R egional Computing 
C entre) may be tr a n s la te d  in to  a program o f  the P L /l language; 
the im p lied  in te n t io n  b ein g  th a t  the l a t t e r  s h a l l  have in  
gen era l th e  same e f f e c t  upon it*  s com putational environm ent 
when run under the c o n tr o l o f  an IBM system / 360 o p era tin g  
system  ( t h a t  in c lu d e s  the P L /l (F ) co m p iler ), as does the IMP 
sou rce.
The tr a n s la to r  makes four p a sse s  o f  the IMP source t e x t .
The f i r s t  pass i s  concerned m ainly w ith  l e x i c a l  a n a ly s is .  The 
second and th ir d  p a sses  t r a n s la te  the IMP source t e x t  in to  a 
form known here as IMP(INT). IMP(INT) i s  an in te r n a l form o f  
a su b se t o f  the IMP language augmented by s ta te m e n t-d e sc r ip tio n  
m arkers. I t  i s  n o t d ir e c t ly  r e la te d  to  the g en era tion  o f  a 
P L /l o b je c t  t e x t .  The fou rth  p ass t r a n s la te s  the IMP(INT) t e x t
'■V
in to  P L /l.
I t  was the author* s r e s p o n s ib i l i t y  to  program the second  
and th ir d  p a sse s . Both o f  th ese  p a sse s  (and the fou rth  p ass)  
are c o n tr o lle d  by a top-down syn tax  a n a ly ser . The methods used  
to  a n a lyse  the syn tax  and perform most o f  the t e x t  tran sform ation s  
req u ired  during a p ass are based on a syntax d ir e c te d  com piling  
techn ique noted by G. M illa rd . V arious m o d ific a tio n s  and
improvements to  M illard* s o r ig in a l algorithm s made by the  
author are d escrib ed  w ith in .
During the second pass a t e x t  e d ito r  i s  used . This te x t  
e d ito r  was d ev ised  by the author and i s  a lso  d escrib ed  w ith in .
The th ird  pass co n stru cts  symbol ta b le s .  These ta b le s  are 
referen ced  during the th ird  and fourth  p a sse s . A d e sc r ip tio n  
o f  the co n stru ctio n  o f  th ese  ta b le s  and the methods used to  
a ccess  them i s  g iven .
A number o f  programs designed  to  t e s t  a l l  the c h a r a c te r is t ic s  
o f  the tr a n s la t io n  to  IMP(INT) have been s u c c e s s fu l ly  processed  
by the f i r s t ,  second and th ird  p a sse s . I t  i s  expected  th a t the 
programming o f  the fourth  pass w i l l  soon be com pleted, a f te r  
which tim e an autom atic tr a n s la t io n  from IMP to P L /l w i l l  be 
p o s s ib le .
